Zinc oxide quantum dot nanostructures by Shortell, Matthew P.
 QUEENSLAND UNIVERSITY OF TECHNOLOGY 
SCIENCE AND ENGINEERING FACULTY 
NANOTECHNOLOGY AND MOLECULAR SCIENCE DISCIPLINE 
Zinc Oxide Quantum Dot 
Nanostructures PhD Thesis 
 
Matthew Shortell 
2014 
 
 
Submitted by Matthew Paul Shortell, to the Science And Engineering Faculty, Queensland 
University Of Technology, in partial fulfilment of the degree of Doctor of Philosophy 
  
 
   
 
Abstract 
Zinc oxide (ZnO) is one of the most intensely studied wide band gap semiconductors due to 
its many desirable properties, especially its optical properties. ZnO nanoparticles (NPs) are of 
particular interest since there are many ways to control the size, shape and defects of the NPs in order 
to influence their optical properties. For example, ultra small ZnO NPs, better known as ZnO Quantum 
Dots (QDs), have an increasing band gap with decreasing particle size due to quantum confinement. 
However, there are still many challenges to overcome before ZnO NPs and QDs are used in optical 
applications. These include a better understanding of the hydrodynamic properties of ZnO NPs, their 
assembly into useful photonic structures, and their multiphoton absorption coefficients for excitation 
with visible or infrared light rather than ultraviolet (UV) light. This thesis investigates these issues with 
an emphasis on ZnO QDs. 
Photonics applications require a high control over NP film thickness, this can be achieved via 
deposition of NP monolayers. The Langmuir-Blodgett technique is highly suitable for monolayer 
deposition because a wide range of NPs and substrates can be used. In paper 1, the self-assembling 
behaviour and microscopic structure of ZnO QD Langmuir-Blodgett monolayer films were investigated 
for the case of ZnO QDs coated with a hydrophobic layer of dodecanethiol (DDT). Evolution of QD film 
structure as a function of surface pressure at the air-water interface was monitored in situ using 
Brewster’s angle microscopy. Transmission electron micrographs of drop-cast and Langmuir-Schaefer 
deposited films of the DDT-coated ZnO QDs revealed that the NP preparation method yielded a 
microscopic structure that consisted of one-dimensional rodlike assemblies of QDs with typical 
dimensions of 25 x 400 nm, encased in the organic DDT layer. These QD-containing rodlike micelles 
were aligned into ordered arrangements of parallel rods using the Langmuir-Blodgett technique. Due 
to the complex structures that formed in solution, it became obvious that more information on the 
hydrodynamic properties of the QDs in solution is required.  
Dynamic light scattering (DLS) was investigated to find the hydrodynamic size of well 
dispersed (aggregate free) DDT-coated ZnO QDs. Unfortunately there has been little work in extending 
light scattering in DLS from homogeneous spheres to core-shell NPs (e.g. DDT-coated ZnO QDs). Paper 
2 demonstrates that the DDT shell has very little effect on the scattering properties of the inorganic 
core and, hence, can be ignored in the first approximation in DLS. However, this results in conventional 
DLS analysis overestimating the hydrodynamic size in the volume- and number-weighted distributions. 
The introduction of a simple correction formula that more accurately yields hydrodynamic size 
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distributions provides more precise determination of the molecular shell thickness. By employing this 
correction to DLS data, the measured thickness of the DDT shell was found to be 7.3 ± 0.3 Å, much less 
than the extended chain length of 16 Å. This organic layer thickness suggests that, on small NPs, the 
DDT monolayer adopts a compact, disordered structure rather than an open, ordered structure on 
both ZnO and Au NP surfaces, in agreement with published molecular dynamics results. 
Many applications of NP films and dispersions require excitation of the NPs by light. In the 
case of ZnO NP films and dispersions, UV light is usually required. This is problematic for photonics 
applications and makes biological application impossible. However, the use of visible or infrared light 
through multiphoton absorption can solve this problem. There have been several reports of 
multiphoton absorption in ZnO NPs using the Z-scan technique. However, the underlying mechanism 
often remains unclear due to the inability of a single Z-scan trace to easily identify the multiphoton 
mechanism. Paper 3 reports a new approach that uses the single beam Z-scan technique, to 
discriminate between two–photon absorption induced excited state absorption (ESA) and two and 
three-photon nonlinear absorption. By measuring the delay or advance of the pulse in reaching the 
detector, the nonlinear absorption can be unambiguously identified as either instantaneous or 
transient. The simple method does not require a large range of input fluences or sophisticated pulse-
probe experimental apparatus. The technique is easily extended to any absorption process dependent 
on pulse width and to nonlinear refraction measurements. We demonstrate in particular, that the 
large nonlinear absorption in ZnO nanocones when exposed to nanosecond 532 nm pulses, is due 
mostly to ESA, not pure two-photon absorption. 
The findings presented in this thesis have advanced not only the understanding of ZnO NPs, 
but also the methods used to characterize NPs in general. The new techniques developed for core-
shell NPs in DLS and distinguishing between ESA and 2PA in Z-scan experiments are applicable to a 
wide range of nanoparticle samples.  
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1. Introduction 
Nanotechnology is at the forefront of modern technological advances in many areas of science 
and engineering. When the dimensions of materials are reduced down to the nanoscale their 
properties often change from that of their bulk counterparts. For example, the surface area to volume 
ratio increases as the radius of a particle decreases. If we consider a 1 cm3 block of material, it has a 
total surface area of 6 cm2. However, if we break this block up into smaller 1 nm wide cubes, these 
cubes together would have a combined surface area of 60000000 cm2. This has direct consequences 
for a nanoparticle (NP) since their small size means that a larger proportion of its atoms are located 
on its surface than is the case for a larger particle.  As proportionally more atoms can interact with the 
environment in an NP than can in the bulk media, the optical, chemical and electrical properties of the 
particle can be considerably influenced through particle size. In addition, Quantum size effects also 
become prominent in semiconductor nanoparticles (SNPs) when the dimensions are reduced to sizes 
comparable to the bulk semiconductor’s exciton Bohr radius (~ 1 nm). If the dimensions are decreased 
sufficiently, the band gap of the semiconductor nanoparticle increases due to quantum confinement, 
altering the light absorption and emission properties of these ultra-small semiconductor nanoparticles 
that are now known as Quantum Dots (QDs). 
Quantum confinement involves restricting the motion of a particle within a particular volume. 
When this volume is very small (when the size of the particle is comparable to the volume) then the 
available energy states become discrete and for charge carriers in semiconductor materials, the 
effective band gap between valence and conduction bands increases. If this confinement is only 
significant in one direction, then a quantum well is established. If the semiconductor is significantly 
confined in two dimensions then the structure is a quantum wire. Finally, if the semiconductor is 
strongly confined in all three directions, then a QD is created [1]. 
The strong influence of the QD’s size and environment on the charge carrier energy structure 
is reflected by the QD’s optical properties with smaller QDs absorbing at shorter wavelengths than 
bulk material and with the QD surface states playing a more significant role in photoluminescence. 
Often the nonlinear optical properties are strongly enhanced with nonlinear absorption cross-sections 
more than 5 orders of magnitude larger in nanoparticles than in bulk material [2]. 
Zinc oxide (ZnO) is an air-stable, biocompatible semiconductor that possesses a wide UV direct 
bandgap. The band gap of bulk ZnO is approximately 3.37 eV, which corresponds to an optical 
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wavelength in the UV region (

 370 nm). Through quantum confinement, the band gap increases to 
over 4 eV for a ZnO QD with a radius of 1 nm. ZnO is air stable with a large exciton binding energy of 
60 meV making it suitable for room temperature operation. It has a low refractive index (n

2) 
compared to the majority of semiconductors, which facilitates light extraction and propagation. The 
density of states for holes and electrons at the valence and conduction band edges respectively is very 
high for QDs which means that the ZnO UV emission can have very narrow line widths while providing 
high material gain. In combination, all these properties make ZnO QDs a promising candidate for UV 
coherent miniature light sources for photonic and biological applications [3]. This project focuses on 
producing and analysing ZnO nanostructures with an emphasis on ZnO QDs and measuring their linear 
and nonlinear optical properties. 
Sections 1.1 and 1.2 highlight some of the applications of nanosized ZnO particles relevant to 
the work described in this thesis, followed by section 1.3 which gives the central theme connecting 
the three published research papers presented in this thesis. Chapter 2 provides the underpinning 
theory and describes the methodology used for the experimental work undertaken for this project. 
Chapters 3-5 present the original research as published in the 3 peer reviewed journal publications 
with some relevant explanatory material. Chapter 6 summarizes the work performed and then 
provides an outlook with suggestions on how the work can be progressed. 
 
Figure 1: Schematics of (from left to right) bulk material, Quantum Well, Quantum Wire and Quantum Dot. 
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1.1 Nanophotonics 
Technological innovation has relied on the continued miniaturization of modern devices to 
improve their functionality. A good example of this is the improved speed and capacity of personal 
computers that has occurred through the miniaturization of the transistors in integrated circuits (ICs). 
By making transistors smaller, they can be placed closer together, so signals can be transferred from 
one component to another in less time resulting in a faster processor. Although the size of these 
transistors has been continuously decreasing over the last 4 decades, a lower size limit is approaching 
after which no more practical miniaturization can take place. Heat and crosstalk issues will eventually 
see the demise of the conventional electronic ICs and the need for devices that use a new information 
carrier, light [4,5]. 
An emerging technology proposed to surpass the electronic IC is the Photonic Integrated 
Circuit (PIC) which uses light in optical waveguides as opposed to electrical current through conducting 
wires in conventional ICs. The PIC has potentially superior functionality compared to the conventional 
IC because of differences in the fundamental nature of the two information carriers. The PIC uses light 
which, obviously, travels at the speed of light and is therefore much faster than the drift velocity of 
electrons in conventional ICs. While electrons in conventional ICs produce heat via collisions in the 
wires, photons will generate negligible heat if appropriate low absorption waveguides are used. 
Crosstalk and data loss can also occur in electronic ICs when wires and current tracks are close or 
overlap with each other, but with PICs, two or more light signals can cross paths without interaction, 
decreasing the restrictions on the transport of signals from one component to another, yielding 
shorter processing times. 
The success of this optical technology relies on being able to produce miniaturized light 
sources (nano lasers) in precise locations on a chip or board [6–8]. While sub-millimetre integrated 
optical devices are now routinely fabricated in the communications industry, the challenge is to reduce 
their dimensions to the micrometre or nanometre level and apply these concepts for optical 
computing. With miniaturization in mind, UV light is preferable to visible or infrared light as its smaller 
wavelength results in a lower diffraction limit. In this respect, ZnO nano and micro hexagonal disks 
have led the way with several examples of UV nanolasers reported in the literature  [9–11]. 
The operating principle for disk resonator structures is shown in Figure 2. The refractive index 
of the resonator is larger than the surrounding medium, so total internal reflection can occur around 
the edge of the disk. If the path length around the disk is an integer multiple of the wavelength, then 
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there will be constructive interference, if not, then destructive interference results in light leakage out 
of the resonator. The constructive interference condition results in resonant modes of the structure 
known as whispering gallery modes (WGMs). For ZnO hexagonal disks, the resonator also acts as a 
gain material when optically pumped, allowing UV nanolasers to be realised. Fabry-Perot resonator 
structures have also attracted considerable attention with ZnO QDs used as the gain medium  [12]. 
ZnO nanowires can support both Fabry-Perot and WGM types of resonance, with nanolasers 
constructed from nanowires optically pumped by two-photon absorption  [13,14]. As well as 
nanophotonics applications, nano ZnO devices also show great potential as white LEDs  [15], and in 
many biological applications. 
 
Figure 2: Schematics of different nanolaser resonators (from left to right): Fabry-Perot, hexagonal disk and 
disk. The red indicates where most of the optical field is confined. 
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1.2 Cancer treatment with light 
In Australia, cancer affects 1.5% of the population and accounts for about 1 in 3 of all 
deaths  [16]. Although traditional treatments such as surgery, chemotherapy and radiation therapy 
have come a long way in reducing unwanted side effects and minimizing impact on healthy tissue, 
new treatments that are non-invasive and specifically target cancers are still sought  [17].  
Photodynamic therapy (PDT) is one such approach that shows great promise for treating cancer by 
using light to excite photosensitisers (PS) to generate cytotoxic oxygen near cancer cells thereby 
destroying them  [18]. 
The operating principle for PDT is schematically shown in Figure 3. The PSs injected into the 
body will selectively migrate and accumulate in the tumour [18]. Light (usually blue-UV) is applied to 
the tumour area to excite the PSs from their ground singlet state (S0) to an excited singlet state (S1). 
Non-radiative decay populates a low lying metastable triplet state (T1) in the PS followed by decay 
into the S0 state through processes such as photoluminescence or non-radiative internal conversion. 
However, if there is a nearby acceptor, non-radiative energy transfer can occur as shown in Figure 3 
for PDT where the PS transfers this energy to dissolved molecular oxygen that is in close proximity [19]. 
This excites oxygen from its ground state (triplet oxygen or 3O2) to its reactive singlet state (1O2) that 
is extremely hazardous to organic matter  [20]. Since the PSs accumulate in the tumour, the tissue 
damage is highly localized to the cancer cells. There are other processes involving electron transfer 
that can also assist in long range PDT but direct non-radiative energy transfer to oxygen has the most 
damaging effect when the PSs are in close proximity to the cancer cells  [20]. 
 
Figure 3: Schematic of PDT. (i) Light excites PS from S0 to S1; (ii) non-radiative decay from S1 to long lived T1; 
(iii) non-radiative energy transfer from PS to O2. 
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Traditional PSs are usually porphyrin-type with the highest absorption in the blue-UV  [21]. 
This poses a serious problem since tissue has a high extinction co-efficient in the UV, making it difficult 
to illuminate PSs through the skin  [22]. For PDT irradiation of internal tumours an ideal transmission 
window exists in the infrared region (700-1000 nm) which would allow much greater light 
penetration  [22]. However, infrared wavelengths 850 nm or longer have insufficient energy to 
generate 1O2 [23] as it has been shown that shorter wavelengths are required to produce sufficient 
quantum yields of 1O2  [24]. To overcome this, excitation of PSs using two-photon absorption has been 
investigated  [25–30]. 
Two-photon absorption (2PA) involves the simultaneous absorption of two photons instead 
of a single photon with twice the energy. It is a nonlinear process, so focussed pulsed lasers are 
required to observe the effect. 2PA is particularly useful when single photon excitation can’t be used, 
for example in PDT, visible and UV light can’t be used efficiently but infrared light can be. It has the 
added benefit that the excitation can be controlled in all three spatial dimensions to a high accuracy 
which allows for much thicker tumours to be treated [25,26]. Unfortunately, commonly used PSs have 
low 2PA cross-sections  [29]. In contrast, semiconductor nanoparticles have much larger 2PA cross-
sections [31]. Figure 4 shows the process for 2PA PDT using semiconductor nanoparticles. Intense laser 
light allows the semiconductor to absorb two photons simultaneously to excite the SNP from the 
ground singlet state (S0) to an excited singlet state (S1) followed by non-radiative decay to its lowest 
triplet state (T1). Energy transfer to O2 can then occur directly or indirectly through an attached PS.  
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 Figure 4: 2PA PDT using semiconductor nanoparticles schematic. (i) High Intensity laser allows 2PA in the 
semiconductor to excite it to its S1 state; (ii) non-radiative internal transfer excites T1 state; energy is non-radiatively 
transferred either directly to O2 (iii) or indirectly through the PS (iv). 
Much research has been done on semiconductor nanoparticles in PDT with the overwhelming 
focus towards CdS and CdSe QDs. However the toxicity of Cd  [32] means that it is unlikely that Cd QDs 
will ever be used clinically [33]. In comparison, ZnO is non-toxic in the absence of light  [34,35]. There 
have been a few publications of UV light activated cytotoxicity of ZnO nanoparticles  [36–38], but no 
reports of 2PA induced cytotoxicity from ZnO yet. Although there are many reports of 2PA in ZnO 
nanoparticles (eg.  [39,40]) there are far fewer 2PA studies devoted to biological applications with a 
few in skin absorption imaging  [41,42]. This suggests ZnO has not been explored to its full potential 
in PDT. 
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1.3 Papers outline 
This section gives an overview of the papers published in this thesis. The first paper 
investigates monolayer films of ZnO QDs for photonics applications. In order to use nanoparticles in 
photonics applications, deposition of dense and homogeneous monolayers of nanoparticles onto a 
substrate may be required [43]. The Langmuir-Blodgett (LB) and Langmuir-Schaeffer (LS) techniques 
are perhaps the most flexible techniques since they allow monolayer deposition of any nanoparticles 
that can be suspended at the air-water interface and onto any substrate. Paper 1 investigates using 
ZnO QDs in LB and LS deposited films. 
Paper two investigates core-shell nanoparticles in Dynamic Light Scattering (DLS) which not 
only relates to monolayer film formation, but also to biological applications since the hydrodynamic 
size of nanoparticles is important for drug delivery [44]. DLS is often used for finding the hydrodynamic 
size of nanoparticles, however for core-shell nanoparticles, some modifications need to made and are 
investigated in this paper. 
The final paper investigates the nonlinear optical properties of ZnO NPs for both biological 
and photonic applications. The paper investigates two-photon absorption (2PA) and excited state 
absorption (ESA) in ZnO nanocones using the Z-scan technique. In particular a new analysis procedure 
is developed in order to differentiate between ESA and 2PA. 
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2. Theory and Methods 
In this chapter background information that is relevant to the research presented in this thesis 
will be introduced. An overview of ZnO and ZnO QDs/nanoparticles is presented in section 2.1. The 
first publication described in chapter 3 presents key findings of Langmuir trough experiments 
performed on ZnO nanoparticles, and in particular ZnO QDs, so section 2.2 introduces Langmuir films 
and describes techniques to fabricate and measure them. Since particle size plays such a crucial role 
in the optical properties of nanoparticles, section 2.3 outlines the basic principles of Dynamic Light 
Scattering which are utilized to determine the hydrodynamic properties of ZnO nanoparticles 
fabricated in this project, as described in the publication presented in chapter 4. The final section of 
chapter 2 introduces in a broad sense, the optical nonlinear properties of matter and associated 
measurement techniques. This provides the background to appreciate the measurement and analysis 
of the nonlinear properties of ZnO nanoparticles that form the basis of the publication presented in 
chapter 5.  
2.1 ZnO 
ZnO is one of most widely studied semiconductors due to its diverse range of interesting 
properties  [45]. In particular, the large exciton binding energy of ZnO leads to the potential for more 
efficient room temperature lasers since excitons have a much larger oscillator strength than electron-
hole transitions in direct band gap materials [46]. This, coupled with a relatively large nonlinear 
susceptibility, could allow for highly efficient multiphoton pumped miniature UV lasers [14]. 
Other favourable properties that have driven such intense research of ZnO are its strong 
green/white photoluminescence due to intrinsic defects which could make it ideal for lighting 
applications  [15]. It also has an extremely large piezoelectric tensor, which is very inviting for 
mechanical sensor and more importantly piezoelectric nanogenerators for harvesting mechanical 
energy and converting it into electrical current  [47–49]. ZnO can easily be made highly conductive 
whilst remaining transparent in the visible spectrum making it of particular interest to the transparent 
electronics industry for use in devices such as transparent displays and solar cells  [50–52]. The 
conductivity of ZnO nanostructures is highly sensitive to molecule adsorption making ZnO very useful 
as a chemical gas sensor [53–55]. In addition, the polar faces of ZnO are highly active for photo 
catalysis allowing for the photodecomposition of organics  [56]. ZnO is also used as an additive in the 
100 000’s of tons per year in rubber, food and paints  [57] and due to its strong UV absorption its use 
9 
 
in sunscreens is growing rapidly  [58]. A particularly exciting application is its use in biological sensing, 
medical imaging and treatment. Since ZnO is biologically compatible  [37] and even possesses an 
antibacterial behaviour  [59], it could prove very useful in medical applications  [60]. This coupled with 
its large nonlinear susceptibility allows for infrared light treatment and imaging of cancer instead of 
conventional blue-UV light treatment  [61]. 
The focus on sections 2.1.1 through 2.1.3 will be on the optical linear and nonlinear properties 
of ZnO with a particular emphasis on the optical properties of wet chemical synthesised ZnO 
nanoparticles and ZnO QDs. 
2.1.1 Bulk ZnO properties 
The electronic band and crystal structure of ZnO is shown in Figure 5. At ambient conditions, 
ZnO is found in the hexagonal wurtzite structure with each Zn ion bonded to four O ions at the corners 
of a tetrahedron and vice versa [62]. This results in layers of alternating Zn2+ and O2- in the plane 
perpendicular to the c-axis of the ZnO crystal which is responsible for the polar nature of ZnO. The 
lack of inversion symmetry in ZnO is important as it is a requirement for both the piezoelectric effect 
and even-order nonlinear optical effects [63]. The electronic structure contains a degenerate 
conduction band (CB) and three valence bands (VBs) separated by a 3.37eV band gap [57]. The free 
exciton (electron-hole pair) exists 60 meV below the conduction band but there are also native defects 
in ZnO which depend highly upon the fabrication procedure used [64]. Optical absorption spectra are 
usually not affected by defects due mostly to their low concentration, however, the emission spectra 
can be strongly affected due to the defects’ ability to trap excited charge carriers  [65]. 
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 Figure 5: Electronic band structure (left) and hexagonal wurtzite crystal structure (right) of ZnO. Zn ions (grey) 
are bonded to four O ions (yellow) at the corners of a tetrahedron and vice versa 
The dielectric function of bulk ZnO is plotted in Figure 6 using data from  [66]. The dielectric 
function for the optic axis is slightly blue shifted from the basal axis for both the real ( ε re ) and 
imaginary(ε im ) components due to the different levels of the sub-VBs in wurtzite crystals [57]. For 
light passing through bulk material, the absorption coefficient for light with a wavelength,λ , is given 
by: 
 ( )πκ πα ε ε ελ λ= = + −2 2
4 2 2 re im re   (1) 
Since α is only nonzero when ε im is also nonzero, there is essentially no absorption in the 
visible with a strong absorption edge in the near UV corresponding to the band gap of bulk ZnO. 
Therefore, while ZnO is a good UV absorber it is a poor harvester of visible light energy. To 
demonstrate this, the theoretical absorption cross-section of a ZnO nanoparticle in ethanol is shown 
in Figure 7.  
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 Figure 6: Real and imaginary components of the dielectric function of bulk ZnO at RT with the applied electric 
field perpendicular to the c-axis (basal) and parallel to the c-axis (optic). Data from  [66]. 
 
Figure 7: Theoretical absorption cross-section (Cabs) of a ZnO nanoparticle in ethanol assuming the dielectric 
function of the nanoparticle is the same as bulk ZnO. The spectrum is normalized by the particle radius (a). Data 
from  [66]. 
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2.1.2 Colloidal Synthesis of ZnO nanoparticles 
ZnO nanoparticles can be fabricated through various physical and chemical methods. 
Although physical methods (eg molecular beam epitaxy [67], metal organic chemical vapour 
deposition [68]) are useful for creating micro-particles, these methods are inefficient for producing 
large scale quantities of small nanocrystals and are also very expensive. Colloidal synthesis on the 
other hand is very versatile, inexpensive, and can produce large quantities of nanocrystals. 
The colloidal synthesis of ZnO QDs was studied in detail by Spanhel and Anderson  [69] using 
the reduction of zinc acetate by lithium hydroxide in ethanol. This method has been adapted using 
different zinc precursors such as zinc nitrate  [70,71], using different solvents and hydroxides [72] to 
produce ZnO nanocrystals of many different shapes and sizes. The growth of nanocrystals from 
precursors is quite complicated and depends on many synthesis parameters such as precursor and 
reducer concentrations, temperature, solvent, impurities, capping ligands, pressure, stirring speeds, 
and growth time. This gives a great flexibility in the shapes and sizes of nanocrystals that can be 
achieved through control of these numerous parameters. Regardless of the final crystal shape and size 
desired,  there are generally two regimes of crystal growth, quantised aggregation and Ostwald 
ripening  [73]. 
Crystal growth by quantised aggregation assumes that the precursor crystals form in 
preferential sizes which results in a quantised growth of the SNPs. This has been studied by doping 
the precursor (zinc or cadmium acetate in this case) with fluorescent erbium cations  [74]. From 
monitoring the NIR emission spectrum, it was deduced that there are large clusters of erbium inside 
the nanoparticles, which indicates there are large gaps in the precursor crystals. This can be explained 
if the precursor crystals undergo fractal growth, for example as with Koch pyramidal clusters  [73] (see 
Figure 8). It is not yet fully understood when the fractal growth period ends and when Ostwald 
ripening begins or if both occur simultaneously  [73]. 
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 Figure 8: Possible mechanism of quantised aggregation of precursor clusters, 3D Sierpinski-tetrahedrons. 
Adopted from  [73] 
Ostwald ripening is the coarsening that occurs when smaller particles are sacrificed for the 
growth of larger particles  [75] (see Figure 9). Smaller particles have a large surface to volume ratio 
relative to larger particles and hence smaller particles have a larger surface energy relative to large 
particles. A mathematical approach to modelling Ostwald ripening has been developed by Lifshitz and 
Slyozov  [76] and Wagner [77] which assumes diffusion controlled growth and is termed LSW theory. 
A derivation of this theory applied specifically to ZnO was provided by Wong et al.  [75]. This derivation 
allows the mean particle radius as a function of time to be predicted: 
 γ ∞
= +
=
3 3
2
 
8  
9
o
m
r r Kt
DV CK
RT
  (2) 
Here, D is the diffusion coefficient of the ZnO molecule in the solvent, ∞C  is the equilibrium 
concentration of Zn2+ at a flat surface in the colloid solution, mV is the molar volume of the solid phase, 
γ is the interfacial energy, R is the gas constant and T is the temperature. 
To stop or mediate the growth of crystals, capping agents are often used. The capping agent 
can be a wider bandgap semiconductor  [78], polymers  [79], or organic ligands  [80]. The properties 
of the capping agent can have a profound effect on the properties of the crystal due to the very large 
surface area to volume ratio. Although the capping can stop the crystal growth by providing a physical 
barrier to block the infiltration of additional molecules to the crystal, it does not necessarily make the 
particles more stable in solution as capped particles can still aggregate. This is particularly important 
for organic capping ligands where larger ordered and disordered micelle structures can be 
formed  [81]. Although this can be exploited for self-assembly techniques it is often a problem for 
mediated assembly and other applications requiring stable colloids. The colloid can usually be 
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stabilised by choosing appropriately sized and shaped organic ligands and also by modifying the 
solvent properties  [82]. 
 
Figure 9: Schematic of Ostwald ripening. Over time, small nanoparticles dissolve and larger nanoparticles grow 
in size. 
The shape of the final nanocrystals can be modified by changing the relative energy of the 
relative face of the crystal, i.e. faces with a lower energy will be more predominant over faces with a 
higher energy. One simple example of this is the use of capping ligands that favourably bind to 
different crystal surfaces  [83]. The ratio of different capping ligands can therefore be moderated to 
obtain different aspect ratio crystals. 
2.1.3 Quantum size effect  (and optical properties) in ZnO 
The absorption spectra of ZnO QDs depends on both the average size of the QDs and the 
polydispersity of the sample [84,85]. A simple description of a free exciton in a SNP can be used to 
describe how the band gap of a semiconductor nanoparticle (SNP) changes with size. When the SNP 
is much larger than the radius of the free exciton ( = 0.9Ba nm for ZnO [86]) , the free exciton can take 
on an any value of kinetic energy (including zero) and has a potential energy equal to the exciton 
binding energy of the material ( −60 meV  for ZnO  [86]). When the SNP is of the same order of size as 
the exciton (i.e. when the SNP is also a QD), quantum confinement only allows certain energy levels 
to be occupied so the minimum allowable kinetic energy is no longer zero. A very rough approximation 
for this is the effective mass approximation for QDs by Brus [87]. It gives the effective band gap of the 
QD as a function of QD radius ( r ). In this simplified form, the effective band gap ( E  in eV) is the bulk 
band gap ( gE ) added to both the kinetic energy ( KE ) and the potential energy ( PE ): 
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Here 0m is the free electron mass, ∗em  and ∗hm are the effective electron and hole mass 
respectively, ε0 and ε r  are the permittivity of free space and relative permittivity respectively, e is 
the charge of an electron. The difference between the KE term and the PE term determines the shift 
in the effective band gap (∆E ). If the QD is sufficiently small, the KE term will dominate over the PE 
term and ∆E will be positive. Therefore the band gap increases with decreasing particle size, which in 
turn means that the absorption spectrum blue-shifts with decreasing particle size. Although quantum 
confinement dictates that the QD absorption spectrum should now consist of discrete absorption 
lines, the polydispersity of QD samples causes broadening of these lines. The location of the 
absorption edge determines the mean size of the QD sample while the gradient is determined by its 
polydispersity [84]. 
Although Brus’ model applies to any direct band gap material, it is a gross over simplification 
in the case of ZnO, which therefore requires a more medium specific model. The most widely accepted 
energy predicting model for ZnO QDs is that presented by Viswanatha et al.  [85]: 
 ( )−= + + − 12100 72.4 82.8 0.8gE E r r   (4) 
Note here the energy is still in eV but r is in nm. This model (plotted in Figure 10) gives a 
much better fit to experimental data when the radius is between 1 and 3 nm [85].  
 
Figure 10: Effective band gap as a function of ZnO QD radius using Equation(4). 
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The photoluminescence spectrum of ZnO QDs not only depends on the size of the QDs, but 
also on the type and concentration of defects similar to what is found for bulk material. In comparison 
to bulk material however, most defects are present on the surface of the QDs  [88–90]. 
2.1.4 Nonlinear optical properties of ZnO nanoparticles 
The literature on the nonlinear optical properties of ZnO is quite vast due to its relatively large 
nonlinear susceptibility which can be utilized for numerous optical processes (see [3] and its 
references therein). Multiphoton absorption by colloidal ZnO nanoparticles  [39,40,91–93] has been 
reported with two distinct trends: nonlinear absorption increases with increasing nanoparticle size 
and the magnitude of the two-photon absorption coefficient is many orders of magnitude larger than 
that found for bulk ZnO. Less work has been performed on thin films of ZnO nanoparticles but both 
saturated absorption  [94] and two-photon absorption have been reported  [2,95]. The reason for the 
large enhancement observed in the two-photon absorption cross-section of ZnO nanoparticles has 
not been determined conclusively with most reports inferring quantum confinement effects  [79,96]. 
It has been argued however, that this should cause the 2PA to increase with decreasing nanoparticle 
size [97] and no enhancement should occur for nanoparticle sizes outside the QD regime. Difficulties 
exist however, in identifying precisely the nature of the nonlinear absorption in these studies as most 
investigations into ZnO nanoparticles utilized ns laser pulses, so the enhanced nonlinear absorption 
may in fact have contributions from excited state processes, rather than be purely two-photon in 
nature. 
Since there is a variation in the measured nonlinear absorption observed in colloids and films, 
both will be investigated here. To produce the films, the Langmuir-Blodgett method is utilized and this 
is described in section 2.2.  
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2.2 Langmuir-Blodgett film fabrication 
Perhaps the first description of insoluble monolayers was in the 18th century when Benjamin 
Franklin observed that a teaspoon of oil dropped on a lake calmed waves over an area of about half 
an acre [98]. Lord Rayleigh continued the investigation into monolayers in the 19th century and  in 
1891 Agnes Pockels and Lord Rayleigh published an article in Nature on Pockels’ observations of 
contaminated water in her kitchen sink [99]. In that work the first instrument that resembles modern 
film fabrication equipment was described.   Irving Langmuir and Katherine Blodgett further developed 
the concept and device, inventing the Langmuir-Blodgett (LB) trough for the study and deposition of 
insoluble films in the early 20th century [98]. Historically LB films were fabricated from ‘soft’ matter 
(organic amphiphiles) but as will be discussed later the technique can also be used to make ‘hard’ films 
(nanoparticles). 
2.2.1 Soft Langmuir films – traditional Langmuir films 
A traditional Langmuir monolayer film is made by adding a small amount of organic 
amphiphile to the surface of a water sub phase. An amphiphile is a molecule that possesses both 
hydrophilic (Greek for water loving) and hydrophobic (Greek for water fearing) components. 'Like' 
molecules tend to attract each other while 'unlike' molecules repel each other. Thus, when 
amphiphiles are placed at an air-water interface their hydrophilic parts are attracted towards water 
and their hydrophobic parts are repelled from the water and towards the air which is hydrophobic. 
Placing the amphiphiles at the air-water interface is usually achieved by dissolving the 
amphiphile in a water-immiscible solvent at low concentrations and adding this solution drop wise to 
the sub phase with a micro syringe. This must be done very carefully by lowering small droplets at the 
end of the syringe so that the droplets just touch the surface and the solution spreads over the surface. 
It the droplets are too large, or allowed to drop into the sub phase, or are forced down into the sub 
phase, then the amphiphile may dissolve into the sub phase or the entire droplet may sink to the 
bottom of the sub phase. When the solution is added correctly, the solvent will eventually evaporate 
at room temperature creating a film of the amphiphile molecules at the air-water interface. 
The vessel where the film is prepared is a Langmuir-Blodgett [100] (LB) trough (Figure 11) 
which has movable barriers and both the trough and barriers are made from a hydrophobic material, 
for example Teflon. When the amphiphile is placed on the surface at sufficiently low concentration a 
gas phase monolayer is formed. The hydrophobic sections of the amphiphiles are randomly orientated 
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above the interface in air since there is no restriction on their movement except for the constriction 
at the interface. When the barriers are moved inwards, the concentration of amphiphile molecules 
increases and the tails are forced to rise forming the liquid and solid monolayer phases. If compression 
is continued beyond the solid phase there will be a critical point where the film will break down. The 
concentration of amphiphile on the surface will also affect the surface tension in that higher 
concentrations of amphiphile will correspond with a higher surface tension. Using a Wilhelmy plate 
suspended from a balance, the surface pressure can be measured and the phase of the monolayer can 
be inferred. A plot of interface area versus measured surface pressure is called the surface pressure 
isotherm (see Figure 12 for an example). 
Figure 11: Schematic of a LB trough during a LB deposition 
2.2.2 Langmuir-Blodgett deposition of a soft monolayer 
After a film has been formed at the air-water interface, the monolayer can be deposited onto 
a substrate by simultaneously dipping a substrate vertically through the monolayer and keeping the 
surface tension constant by moving the barriers inward. This is normally achieved by moving the 
substrate up or down at a constant rate and using a computer controlled feedback of the barriers to 
keep the surface pressure constant.  If the substrate is hydrophilic, then the first deposition should be 
via an upward scan. If the substrate is hydrophobic then the first layer will be deposited by a 
downward scan. Multilayer films can be made by drying the monolayer film and repeating the same 
process on top of the first monolayer. The resulting deposited film is called a Langmuir-Blodgett or LB 
film. For hydrophilic substrates, only an odd number of layers can be added, for hydrophobic 
substrates, only an even number can be added. This is because the substrate must leave the water 
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sub-phase via a final upward scan, and upward scans must always be deposited onto a hydrophilic 
substrate, this will always leave the final exposed film surface hydrophobic (see Figure 13). 
 
Figure 12: Langmuir isotherm for arachidic acid. 
 
Figure 13: First two allowable LB depositions onto hydrophilic (top) and hydrophobic (bottom) substrates. 
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2.2.3 Langmuir-Schaeffer deposition of a soft monolayer 
An alternative deposition technique is the Langmuir-Schaeffer (LS) horizontal touch 
technique. This technique can only be applied to very strong films but it is much better at retaining 
the structure of the Langmuir film during deposition. In the LS technique the substrate just touches 
the surface from above before it is pulled away to deposit a single monolayer. The advantage of this 
is that the film can’t drift during deposition and the need for a strong hydrophobic or hydrophilic 
interaction between the substrate and film is eliminated.  
 
Figure 14: LS deposition of a monolayer. 
2.2.4 Langmuir films of hard nanoparticles 
Langmuir films and their deposition has a long and rich history for organic amphiphiles, it has 
only been over the last decade that the technique has been attempted with ‘hard’ inorganic 
nanoparticles. This is driven by advances in colloidal synthesis and the need for new, large scale self-
assembly processes that are required for industrial applications. To fabricate films from nanocrystals 
with the LB technique, the nanoparticles should be insoluble in water and they must be stable (no 
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aggregation) in a water-immiscible solvent [101]. Rendering the nanocrystals hydrophobic by 
encapsulating them in reverse micelles will generally suspend the nanocrystals at the air-water 
interface. Producing sufficiently stable nanoparticles remains the main challenge. 
 
Figure 15: Example of nanoparticle Langmuir films. Two-Dimensional hexagonal close packed (hcp) array of 
spherical nanoparticles (left) and side by side close packing of nanorods (right). 
Monitoring the surface pressure isotherms and interpreting the structure is not as 
straightforward for nanocrystals as it is for organic Langmuir films. This difficulty arises since the hard 
nanocrystals are often completely hydrophobic and have no hydrophilic part unlike the amphiphilic 
traditional organic films. Therefore, additional in situ studies including absorption/photoluminescence 
spectroscopy and imaging techniques such as micro-fluorescence imaging or Brewster’s angle 
microscopy (BAM) are used as invaluable additional tools to infer particle separation distances and 
microscale film homogeneity [101]. Once deposited, films can be investigated via electron microscopy 
methods. Scanning electron microscopy (SEM) can be used to check the film quality at the 100 nm 
scale, but usually can’t resolve the individual nanocrystals. High resolution transmission electron 
microscopy (HRTEM) is essential to study the individual nanoparticle morphology and their crystal 
orientation. 
2.2.5 Brewster’s angle microscopy (BAM) 
Brewster’s angle microscopy (BAM) can be used in situ to study the macroscopic evolution of 
Langmuir films during compressions and expansions [102]. When light is polarized parallel to a surface 
(p-polarized) and the angle of incidence is set to Brewster’s angle, all incident light is transmitted and 
no light is reflected. Brewster's angle depends on the refractive indices of the two media that form 
the interface and can be determined from Snell’s law. 
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The electric dipole at the surface radiates light perpendicular to the direction of the dipole 
moment. At Brewster’s angle, the electric dipole is orientated parallel to the path of the predicted 
reflected beam and thus there is no light reflected. Since the angle of incidence must equal to the 
angle of reflection, one can show that 𝜃𝜃𝐵𝐵 + 𝜃𝜃𝑟𝑟 = 90𝑜𝑜. Using Snell’s law we find: 
 ( )θ −= 1 2
1
tan  B
n
n   (5) 
Here 1n and 2n are the refractive index of the first and second medium respectively. For an air 
water interface 1n and 2n are 1 and 1.33 respectively, giving a Brewster’s angle of approximately 53.1°. 
If a laser is p-polarized and incident onto an air-water surface at this angle then no light is reflected. If 
the refractive index of the second medium changes then there will be some light reflected (see Figure 
16). When the reflected light is captured by a camera, the pixel intensity will be dependent on whether 
the light strikes bare water or film. In this way the image formed is actually an image of the refractive 
index of the interface.  
 
Figure 16: Schematic of BAM. For p-polarised light at the Brewster’s angle for air/water, no light is reflected 
form the bare water surface but some light is reflected when there is film due to a different refractive index of the film 
from water. 
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2.3 Brownian motion of small nanoparticles and their light scattering 
Characterisation of nanoparticle size can be performed with many different techniques, each 
with their own advantages and disadvantages. Transmission Electron Microscopy (TEM) is perhaps the 
most widely used technique since it directly images the nanoparticle with little ambiguity in the 
interpretation of TEM images. However, TEM cannot measure the size of a suspended nanoparticle 
and cannot be applied to organic molecules due to the low contrast of organic material on the carbon 
TEM grid. It is also quite expensive and time consuming to prepare and image a sample in TEM. 
Dynamic light scattering (DLS) is a fast and inexpensive technique that can be applied to any 
nanoparticles that are undergoing Brownian motion [103]. DLS measures the hydrodynamic size of a 
nanoparticle and not just the inorganic content as revealed with TEM measurement. For fabricating 
nanoparticle Langmuir films, the DLS measurement will provide more useful data than TEM since it is 
the hydrodynamic size of the nanoparticles that allows interpretation of Langmuir isotherms. 
2.3.1 Basic Dynamic Light Scattering concepts 
The experimental setup for DLS is shown schematically in Figure 17. Laser light is incident upon 
a solution of nanoparticles with the scattered light measured by a detector oriented at an angle θ  as 
a function of time. The intensity detected depends not only by the optical properties of the individual 
nanoparticles and the solvent, but also by their relative positions in the solution due to optical 
interference. However, the relative positions of the particles are not static, since the particles are 
moving randomly in the solution under Brownian motion. This causes the optical interference to 
fluctuate in time resulting in a time dependent intensity at the detector. Thus through an 
understanding of optical interference and particle Brownian motion, the particle size can be 
determined via DLS. 
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 Figure 17: Schematic for Dynamic Light Scattering experiment. 
To describe the interference of scatter from nanoparticles, consider the nanoparticles initially 
to be stationary in a solvent of refractive index n . The incident laser field at a position r and time t
is given by: 
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where 1A is the amplitude,

0K is the wavevector of the laser light of wavelength λ , and ω0
is the angular frequency. It can be shown, that the light scattered with wavevector SK to a detector 
at location 

R  is given by  [104]: 
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Here 2B is a constant and ( )α

K  is the polarizability of the nanoparticle solution represented 
in momentum space. K is an important parameter in DLS known as the scattering vector; and is given 
by  [105]: 
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The polarizability of a material is significant as it not only describes the scattering properties 
of the nanoparticles, but can also be used to determine their absorption properties through the 
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imaginary component of the polarizability. The dependence of the polarizability on the electric field is 
also used to determine the nonlinear optical properties as will be discussed in more detail in section 
2.4. Taking the simplest case, the intensity of light at the detector, ,SI for two small nanoparticles at 
locations 1r and 

2r  with equal polarizabilities α1 is: 
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If the particles are positioned such that φ 2 is equal to a multiple ofπ , then there is 
constructive interference. If φ is an odd multiple ofπ , then there is destructive interference. If the 
nanoparticles are moving as they do through Brownian motion ( ( )α α= ,K t ), the intensity will 
fluctuate due to the changing interference. The faster the particles are moving, the faster will be the 
fluctuations in intensity, therefore, embedded in the temporal variation of the recorded intensity is 
information on nanoparticle speed. To extract this information, autocorrelation of intensity data is 
required. This involves, comparing the intensity at t and τ+t averaged over the experiment time ( 
T ) for a given correlation time (τ ). Mathematically, this is expressed in the autocorrelation 
function  [104]: 
 ( ) ( ) ( )τ τ= +∫
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  (10) 
The electric field correlation function (normalized to unity when τ = 0  by the constant 3A ) is 
then: 
 ( ) ( ) ( )ω ττ α α τ−= +∫
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The intensity correlation function normalised by the average intensity is given by  [104]: 
 ( ) ( )τ τ= + 211G g   (12) 
In DLS the size of the nanoparticle is determined by relating the correlation function ( )τ1g to 
the Brownian motion of the nanoparticles. Theoretically this requires Fick’s second law of 
diffusion  [106]: 
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Here ( ),c r t is the concentration of nanoparticles and D is the diffusion coefficient of the 
nanoparticles. Solving Equation (13) by Fourier transforming the concentration into momentum space 
gives  [104]: 
 ( ) ( ) −=  2,t ,0 DK tc K c K e   (14) 
Since the polarizability of the dispersion is directly proportional to the concentration of the 
nanoparticles, ( )τ1g  becomes: 
 ( ) ( )ω τττ α−−= ∫
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The integral in Equation(15) now just represents the time averaged polarizability, so the 
intensity correlation function becomes: 
 ( ) ττ −= + 221 DKG e   (16) 
By fitting experimental autocorrelation data with Equation(16), the diffusion coefficient of the 
nanoparticles is obtained. The diffusion coefficient for a hard, non-interacting, spherical nanoparticle 
is given by the Stokes-Einstein equation: 
 
πη
=
6
kTD
a
  (17) 
Here k  is Boltzmann’s constant, η  is the viscosity of the medium at the temperature (T ) in 
Kelvin, and a is the radius of the nanoparticle. With relatively few experimental parameters required, 
DLS is a relatively simple technique for finding the size of monodisperse nanoparticles. In practice 
however, the colloidal production of nanoparticles typically results in populations that are 
polydisperse to some extent, and some modifications to the DLS approach for particle size 
determination must be made to account for this polydispersity. 
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2.3.2 Polydispersity and DLS 
To account for polydispersity of the particle population on ( )τG , the single exponential is 
replaced by a weighted sum of exponentials each representing the different nanoparticle sizes. The 
fitting procedure is now more complicated and is described elsewhere [104,107]. The result is that 
instead of a single value for the nanoparticle radius, there is a distribution of sizes weighted by the 
scattering cross-section of the nanoparticles. This is known as the intensity weighted size distribution 
( ( )IP a ). To convert to a number ( ( )NP a ) or volume ( ( )VP a ) weighted distribution, the scattering 
intensity ( ( )I a ) at an angle θ as a function of a must be known: 
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The values 1B  and 2B  normalize the distributions. For the work presented in this thesis, we 
are interested primarily in small nanoparticles that are much smaller than the wavelength of lasers 
used in DLS (usually visible light). Since the nanoparticles are so small, the electric field of the laser 
light is approximately constant over the nanoparticle volume and the electrostatic approximation can 
be applied to find the scattering cross-section of nanoparticles. For the simplest case of small, 
spherical and homogeneous nanoparticles, (often referred to as Rayleigh scatterers) the scattering 
intensity for light polarised parallel and perpendicular to the scattering plane is given by  [108]:  
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It can easily be shown that regardless of the exact DLS instrument setup, the particle size 
distribution conversion functions for Rayleigh scatterers is given by: 
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To demonstrate the importance of Equation(20), consider a solution of nanoparticles 
consisting of populations with one of two radii, 1 nm and 10 nm. If there are equal total volumes of 
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each of the two nanoparticle sizes; then the intensity, volume and number weighted particle size 
distributions from DLS are shown in Figure 18. This demonstrates the importance of the conversion 
formulas, since the original intensity weighted distribution had very little contribution from the 1 nm 
particle radius population despite there being 1000x more 1 nm particles than 10 nm particles.  
 
Figure 18: An example of different weighted particle size distributions in DLS. 
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2.4 Nonlinear optics and Z-scan measurements 
With the advent of the laser in 1960, nonlinear optics went from the realm of theoretical 
prediction to experimental reality. This is because under illumination with conventional light sources 
the nonlinear optical effects are typically many orders of magnitude weaker than the linear effects 
and thus not usually observable. However, with intense laser light, the nonlinear behaviour of the 
medium can be revealed through the dependence on intensity. This section describes some of the 
underlying theory of nonlinear optics with an emphasis on the intensity dependent refractive index 
and multiphoton absorption. 
2.4.1 Nonlinear Polarizability 
In the macroscopic theory of light, the electric polarization ( P ) of a medium is related to the 
electric field through the medium susceptibility ( χ ): 
 ε χ
=
= ∑
3
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m m n n
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P E   (21) 
In the linear realm the susceptibility is independent of the field strength and is directly related 
to the refractive index through [63]: 
 χ= +2 1n   (22) 
However, in reality the susceptibility of all media will depend in a complicated way on the field 
strength of the incident field.  Thus Equation(21) with susceptibility as a material dependent constant 
is only applicable when the electric field is sufficiently low. A more realistic approach that applies 
under intense laser illumination is to describe the susceptibility via a Taylor series expansion: 
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The tensors ( )χ j are the jth order optical susceptibilities of rank j+1. From here we will consider 
the electric field to be non-zero in only one direction, this allows the removal of the tensor notation 
and replace ( )χ j tensors with a scalar value if we assume we are only examining P parallel to E. 
Perhaps one of the best known nonlinear optical phenomenon is the frequency doubling of 
1064 nm to 532 nm light in a Nd:YAG laser. This is an example of a ( )χ 2 process referred to as second 
30 
 
harmonic generation (SHG). More relevant to this thesis is the nonlinear optical effect of the Intensity 
dependant refractive index which is usually a ( )χ 3 process but can be any odd jth order process. The 
two main phenomena of interest in the ZnO investigations described here are the self-
focussing/defocussing and multiphoton absorption (MPA). 
2.4.2 Intensity dependant refractive index 
Since the refractive index is related to the medium's susceptibility through Equation(22), it 
too is similarly dependent on incident intensity, with the intensity terms only appreciable at high 
intensities [63]: 
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To find the relationship between the jth order refractive index ( −1jn ) and ( )χ j , equations (22) 
- (24) need to be solved. Here, the link between the third order nonlinearity and refractive index 
component 2n is used as an example. 
The electric field and associated intensity is given by [63]: 
 
( )ω ω
ε
−= +
=
0
2
0 0 02
i t i tE E e e
I n cE
  (25) 
Assuming that only the third order nonlinear term ( ( )χ 3 ) is significant, the polarizability is: 
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The effective susceptibility of the medium can be further expanded: 
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In this case the fast oscillations at ω2  have been ignored as they result in third harmonic 
generation (THG). Substituting Equations (27) and (25) into (22) yields: 
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 ( ) ( ) ( )ε χ χ+ = + +2 1 32 20 2 0 0 0 02 1 2n n n cE E   (28) 
Assuming that  22 n I allows the 40E term to be ignored as it is negligible. Since Equation (28) 
must be true for all 0E below a certain threshold (  22I n ) then: 
 ( )χ= + 120 1n   (29) 
 
( )χ
ε
=
3
2 2
0 02
n
n c
  (30) 
For a Gaussian laser beam, the intensity varies in the x-y plane with a maximum on beam axis. 
This results in a spatially varying refractive index. If 2n is positive (negative) then the refractive index 
is larger (smaller) on axis and the laser beam will undergo self-focusing (self-defocussing). 
So far we have assumed that ( )χ 3 is real, however, in general, all susceptibilities are complex. 
Rewriting Equation(30) (by substituting κ→ +2 2 2n n i ) as: 
 
( )( )χ
ε
=
3
2 2
0 0
Re
2
n
n c
  (31) 
 
( )( )χ
κ
ε
=
3
2 2
0 0
Im
2n c
  (32) 
In many media like ZnO, the imaginary component of the third order refractive index is often 
attributed to two-photon absorption (2PA). To relate this to the change in absorption co-efficient (
α α∆ = 2I ), we find: 
 
( )( )π χπκα
λ λ ε
= =
3
2
2 2
0 0
Im2
n c
  (33) 
Although 2PA appears similar to SHG since they are both two-photon processes, they are quite 
different. Figure 19 shows a schematic of both processes. In 2PA, there is only one virtual state 
involved and there is no instantaneous conversion of light to another wavelength. There may be some 
photoluminescence involved when the medium relaxes to its ground state, but it will emit a photon 
with energy ω≤ 2 . In comparison to 2PA, SHG is a scattering process that involves two virtual states 
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with no light absorbed by the medium, meaning that any energy lost from the fundamental frequency 
is converted directly into the second harmonic. 
 
Figure 19: Schematics of 2PA and SHG. 
In a similar way, the fifth order susceptibility and its associated refractive index describe the 
three-photon absorption (3PA) co-efficient and its link to intensity dependent absorption change (
α α∆ = 23I ) can be found: 
 
( )( )χ
ε
=
5
4 3 2 2
0 0
3Re
4
n
n c
  (34) 
 
( )( )π χ
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  (35) 
For the generalized absorption co-efficient, the total intensity dependent absorption co-
efficient is given by: 
 ( )α α α α α α α
−
+= + ∆ = + + 
1
2 2
0 0 2 3 1
2
j
jI I I I   (36) 
In order to measure the intensity dependant refractive index and absorption the transmission 
through a sample has to be measured while varying the intensity of the input laser. The Z-scan method 
developed by Sheik-Bahae et al.  [109,110] is a well accepted and understood approach for measuring 
both the nonlinear refractive index and MPA coefficients. 
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2.4.3 Z-scan technique 
The Z-scan technique involves placing a nonlinear material in the path of a focussed laser 
beam and measuring the transmission through the sample when it is placed at different z locations 
from the laser beam focus. This is shown schematically in Figure 20. Although the total power of the 
laser beam is the same along the z-axis, the intensity is largest at the focal point (beam waist location). 
This means that both the intensity dependent refractive index of the medium and the amount of light 
it absorbs becomes a function of the medium's z-location. 
 
Figure 20: Z-scan schematic for a closed aperture measurment. In the open aperture measurement, the 
aperture is removed. 
To measure the nonlinear absorption co-efficient with the scheme shown in Figure 20, the 
aperture is removed, allowing the total transmission through the sample to be measured by the 
detector. This is known as an open aperture Z-scan.  The absorption will be greatest when the medium 
is placed at the beam waist and will decrease as the medium is moved away from the beam waist. To 
remove the effect of the linear absorption on the measurements, the transmission is normalized by 
the transmission measured with the medium far from the beam waist where it is assumed nonlinear 
effects are negligible. As the medium is moved through the beam waist location, the normalized 
transmission will decrease from a value of 1 to a minimum value at the beam waist location and then 
increase back towards 1. An example of an open aperture Z-scan corresponding to 2PA nonlinearity is 
shown in Figure 21. By fitting the open aperture experimental data with the theoretical model, the 
2PA coefficient can be found.  
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Figure 21: Top: The maximum intensity in the x-y plane of a Gaussian beam as a function of the normalized 
sample position (z/z0). Here z0 is the Rayleigh range (see section 2.4.4). Bottom: Example closed and open aperture Z-
scan traces for a positive n2 medium and a 2PA medium respectively. 
In addition to revealing the nonlinear absorption properties of a medium, the Z-scan method 
can be modified to reveal the real part of the nonlinear refractive index. This is achieved by introducing 
an aperture prior to the detector in Figure 20. The aperture used will typically allow about 10% of light 
through when there is no sample and the transmission is again normalized to the transmission when 
the sample is very far away from the beam waist location. In this mode, known as closed aperture Z-
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scan, a positive 2n (self-focussing medium) causes the beam to focus at a shorter distance when the 
medium is placed prior to the original beam waist location as shown in Figure 22. As a result the 
amount of light transmitted through the aperture is reduced from that measured in the absence of 
any nonlinearity. If the medium were placed after the original beam waist location the self-focusing 
causes the amount of light transmitted through the aperture to increase from that measured in the 
absence of any nonlinearity.  The net result is a closed aperture Z-scan that appears like that shown in 
Figure 21. 
 In the closed aperture experiment, the resulting valley-peak structure of the Z-scan for a self-
focussing sample is explained phenomenologically in Figure 22. The sample acts like a lens [109], with 
a shorter focal length the closer the sample is to the focus. When the sample is placed before the 
beam waist location, it increases the beam divergence resulting in a larger beam diameter in the far 
field and less light transmitted through the aperture (valley). When the sample is placed after the 
beam waist location, it reduces the beam divergence resulting in a smaller beam diameter in the far 
field with more light transmitted through the aperture (peak). 
 
Figure 22: Effect of a self-focussing sample in the path of a focussed laser beam. The original beam is 
represented as the thick black lines and is propagating to the right. The sample acts as a lens and is represented at the 
two different locations. The refracted beams due to the self-focussing sample before the focus (red) and after the focus 
(green) are shown. 
2.4.4 The slowly varying envelope and thin sample approximation 
To mathematically quantify Z-scan results, consider a laser beam with a cylindrically 
symmetric field distribution ( ) ( ) ( )= , ,0, , , , if z r tE z r t E z r t e  with a minimum beam waist radius ofω0 . The 
Rayleigh range, z0, is related to the beam waist by: 
 πω λ= 20 0z   (37) 
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For a Gaussian beam, the Rayleigh range corresponds to a distance from the beam waist 
location that the beam radius increases to ω02 .  If the sample thickness ( L ) is less than the Rayleigh 
range ( < 0L z ) then the thin sample approximation can be used since the intensity throughout the 
medium can be considered constant  [109]. This along with the slowly varying envelope approximation 
allows the change in phase of the light's electric field ( φ∆ ) and the intensity ( I ) to be determined with 
the following equations  [109]: 
 ( )φ∆ = ∆
′
d n I k
dz
  (38) 
 ( )α= −
′
dI I I
dz
  (39) 
Here z’ is the propagation distance within the sample, and not the sample position ( z ), 
π λ= 2k is the wave vector in free space. If Equations (38) and (39) can be solved (either analytically 
or numerically), then the intensity ( eI ), change in phase ( φ∆ e ), and the electric field ( eE ) exiting the 
sample can be found. 
 ( )φ ′∆ = ∆∫
0
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e n I kdz   (40) 
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E z r t
  (42) 
Using Huygens’ principle, Fourier optics [111] can be used to transform the electric field 
exiting the sample to the electric field at the aperture ( aE ) at a distance d  from the focus [112].  
 ( )
( )
( ) ( ) ( )
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′∞−
− −  ′′ ′ ′=  
− − 
∫
2 2
2 2
0
0
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a e
ke kr rE r t e E r t e J r dr
i d z d z
  (43) 
Here 0J is the zeroth-order Bessel function. The power transmitted through the aperture of 
radius a  onto the detector is given by: 
 ( ) ( )π= ∫
0
, 2 z, ,
a
closed aP z t I r t rdr   (44) 
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Since the phase will have no effect on an open aperture experiment, the Fourier transform in 
Equation (43) is unnecessary, and the transmitted power is: 
 ( ) ( )π
∞
= ∫
0
, 2 z, ,open eP z t I r t rdr   (45) 
Equations (38) and (39) can be solved analytically in some limiting cases. If the sample 
possesses only linear absorption and only one nonlinear refractive index term (i.e. ( )
−
−∆ =
1
2
1
j
jn I n I ), 
then the phase change is: 
 ( ) ( ) ( )φ∆ = ∆, , j effz r t k n I L   (46) 
Here ( )j effL is the effective length and is related to the physical sample length by: 
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eff j
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The amount of nonlinear absorption described by Equation(39) can be solved regardless of 
the complexity of∆n as long as the sample possesses only linear absorption and one type of nonlinear 
absorption (i.e.α α α
−
+= +
1
2
0 1
2
j
j I ). In that scenario the transmitted intensity exiting the sample is 
then: 
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  (48) 
If there is more than one type of nonlinear absorption then numerical integration is required. 
Often pulsed lasers are required to achieve the high laser beam intensities necessary to observe and 
measure these nonlinearities Z-scan measurements. In this situation it is the energy transmitted that 
is of more interest than beam power. By integrating Equations (44) and (45) over the entire pulse 
duration, the total energy transmitted can be determined. To this point the discussion has only 
considered instantaneous nonlinearities, where the intensity dependent ∆n  and α∆  that do not 
depend on the duration of the incident pulse. However, quite often the absorption (linear or 
nonlinear) will create populated excited states that can modify the observed ∆n  and α∆ . One 
example particularly relevant to this thesis is excited state absorption (ESA).  
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2.4.5 Excited State Absorption (ESA) 
When a material absorbs a photon an excited state is formed. Population of this excited state 
may allow more of the incident light to be absorbed making it possible to populate even higher excited 
states if the lifetime of the first excited state is sufficiently long. In this case, this is a sequential 2PA 
effect characterised by a 2PA coefficient that depends on the shape and duration of the laser pulse 
and the lifetime of the excited state. This same principle applies if the material undergoes 
instantaneous two-photon absorption to populate the first excited state and then another incident 
photon is absorbed populating an even higher excited state. This is an equivalent 3PA event called 2PA 
induced excited state absorption (ESA). The ESA that is discussed in this thesis will be limited to the 
case of 2PA induced ESA as that is the dominant nonlinear process observed in the ZnO systems 
measured here.  
Sutherland et al.  [113] studied 2PA induced ESA in organic chromophores and built a model 
to explain nonlinear absorption in the nanosecond laser pulse regime. The system studied is shown in 
Figure 23. The ground state (S0) requires 2PA to excite the sample to the first excited state (S1), direct 
transition from S0 to T1 is forbidden and therefore unlikely to occur. The excited state S1 can then 
further absorb more light (S1-S2) or decay to S0 or T1 with decay timeτ S . If the excited state T1 is 
excited from decay from S1, then it can also absorb more light (T1-T2) or decay back to the ground 
state with decay timeτT . 
 
Figure 23: Model used to predict the 2PA induced ESA in organic molecules 
The five level model is useful for comparison with semiconductors with a band gap and band 
gap defect states. If however, the material and arrangement have temporal parameters that satisfy 
τ τ τ s laser T (where τ laser is the laser pulse duration) then this five level system can be reduced to a 
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three level system. In this case, the effective three level system is equivalent to removing the T1, T2 
levels, changing τ s to τT and introducing a quantum yield factor (ϕ ) that determines the proportion 
of 2PA that decays to the original T1 from S1. The resultant effective three level model has an 3PA 
coefficient of  [114]: 
 ( ) ( )ϕσ αα α
ω
= =

2
3 2
e
ESAG t G t   (49) 
Here σ e  is the excited state absorption cross-section, and ( )G t  determines the effect of pulse 
shape and width and is given by: 
 ( ) ( )
( ) ( ) τ′− −
−∞
′ ′= ∫ 22
1 e T
t
t tG t I t dt
I t   (50) 
If we further constrain the material and laser pulse properties such thatτ τ τ s laser T , then 
( )G t becomes independent ofτT : 
 ( ) ( )
( )
−∞
′ ′= ∫ 22
1 tG t I t dt
I t   (51) 
To this point we have only considered excited state absorption, but there could also be a 
change in the scattering cross-section as well. This means σ e actually represents the excited state 
extinction cross-section, to incorporate both loss mechanisms of absorption and scattering. 
2.4.6 Semiconductor Nanoparticles and Transient Absorption 
To apply the above models of organic chromophores to direct-gap semiconductor 
nanoparticles, consider the typical electronic structure and 2PA induced ESA optical processes in 
Figure 24 (see Zhang  [115] for more information on charge carrier dynamics in nanoparticles).  
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Figure 24: 2PA induced ESA in a direct-gap semiconductor nanoparticle 
2PA can occur if the laser photon energy is less than the band gap ( gE ) of the semiconductor 
but greater than half the band gap: 
ω< <
2
g
g
E
E (52) 
After 2PA, the electron excited to the conduction band very quickly (<100 fs) undergoes 
intraband transitions to the bottom of the conduction band [115]. In a defect free crystal, 
recombination via photoluminescence with energy of ≈ gE would occur on the ns timescale. ESA could 
also take place from the bottom of the conduction band. If there are defects with energies within the 
band gap, then de-excitation to these defect sites would occur and compete with the band gap 
emission. Since the timescale for transition to the defect levels is usually quite fast (1-100 ps 
depending on the defect), the band gap emission is often not only quenched quite significantly, but 
also occurs much faster [115]. ESA can also occur from these defect states before they decay 
radiatively through emission with energies less than the band gap or non-radiatively. The lifetime for 
the defect states can be anywhere from ps to ms depending on the nature and depth of the defect. 
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If the laser pulses used in a Z-scan experiment are of the order of ns, then the value of the 
intraband transitions decay time will certainly have negligible effect on the amount of ESA. If there 
are no defect states then the semiconductor nanoparticle can be easily modelled as a three level 
system with the bottom of the conduction band effectively the first excited state. If there are defect 
states that dominate, then the transition to these states must be fast and therefore the decay time to 
the defect states would be negligible compared with the ns pulse. Therefore the semiconductor 
nanoparticle with defects can also be modelled as a three level system with the first excited state as 
the defect state. We can therefore use the model by Sutherland et al.  [113] for 2PA induced ESA in 
semiconductor nanoparticles. 
The three level system model is applied in Paper 3 when analysing Z-scan experimental data 
of ZnO samples. Since the effective three-photon absorption coefficient due to ESA will be time 
dependant, the tail of a pulse should be absorbed more than the front of the pulse creating apparent 
pulse advancement in time. This concept is used along with traditional Z-scan transmission data in 
Paper 3 to discriminate between instantaneous and excited state absorption processes in ns pulse 
experiments of ZnO nanoparticles. 
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2.5 Conclusions 
This chapter has introduced the background information relevant to the research presented 
in chapters 3-5. The overview of ZnO in section 2.1 revealed why ZnO is one of most widely studied 
semiconductors and its diverse range of interesting properties. In particular the optical properties of 
ZnO with a direct UV band gap and large exciton binding energy make it especially appealing for 
photonics applications. The synthesis and properties of ZnO NPs (especially ZnO QDs) was also 
described. ZnO NPs of different sizes and shapes can be fabricated and as a result of quantum 
confinement, the band gap increases, modifying the optical properties of ZnO QDs. 
Although a plethora of NP shapes and sizes have been synthesized, their arrangement into 
organized monolayer solid films has received much less attention. Highly controlled film thickness is 
not only important for photonics applications, but also for optical measurements of ZnO NPs in solid 
films. The Langmuir-Blodgett (LB) approach for thin film fabrication was reviewed in section 2.2 since 
it allows deposition of dense and homogeneous monolayers of nanoparticles onto almost any 
substrate. 
The first research paper in this thesis (chapter 3) investigates ZnO QDs deposited using the LB 
technique. In this research dodecanethiol (DDT) capped ZnO QDs were synthesized and formed larger 
one-dimensional (1D) aggregates, subsequently the aggregates were injected to the air-water in a LB 
trough. Under compression at the air-water interface, the 1D aggregates were aligned parallel to each 
other and perpendicular to the compression direction. 
Subsequent work on washing the DDT-ZnO QDs and redispersing them in a non-polar solvent 
allowed stable colloids to be formed. Dynamic light scattering (DLS), described in section 2.3, was used 
to confirm the stability of the washed ZnO-DDT QDs and to measure the thickness of the DDT capping 
layer. DLS uses the random fluctuations in scattered light from nanoparticles undergoing Brownian 
motion to find the hydrodynamic size of nanoparticles. The hydrodynamic size of ZnO NPs provides a 
better understanding of the capping material and how it interacts with the host medium. Additionally 
the hydrodynamic size can also be used to predict the transport of ZnO NPs through human tissue and 
through the environment. However, DLS has problems converting from intensity weighted particle 
size distributions to number and volume weighted size distributions for polydisperse core-shell 
nanoparticles. This often leads to an overestimation of the hydrodynamic size and capping thickness, 
especially in polydisperse colloids. 
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The second research paper presented in chapter 4 describes a new method using DLS for the 
accurate measurement of the shell thickness of nanoparticles. Using this new technique the thickness 
of DDT on both ZnO QDs and Au NPs was measured to be only 7.3 ± 0.3 Å, much less than the extended 
chain length of 16 Å. This organic layer thickness suggests that, on small NPs, the DDT monolayer 
adopts a compact disordered structure rather than an open ordered structure on both ZnO and Au NP 
surfaces. This result is in agreement with published molecular dynamics results  [116,117]. 
The optical nonlinear properties of ZnO NPs are often dramatically enhanced compared with 
bulk ZnO, particularly for apparent two-photon absorption (2PA). However there is still no consensus 
on the principal reason for this enhancement with the role of excited state absorption (ESA) largely 
ignored. Section 2.4 describes some of the underlying theory of nonlinear optics with an emphasis on 
the intensity dependent refractive index and multiphoton absorption. This provides the background 
to appreciate the measurement and analysis of the nonlinear properties of ZnO NPs that form the 
basis of the third publication presented in chapter 5. 
The final paper investigates the nonlinear optical properties of ZnO nanocones. ZnO 
nanocones were used since our ZnO QDs failed to show any nonlinear absorption below the damage 
threshold of the samples. The paper investigates 2PA and ESA in ZnO nanocones using the Z-scan 
technique. In particular, a new analysis procedure is developed in order to differentiate between ESA 
and 2PA. We demonstrate in particular, that the large nonlinear absorption in ZnO nanocones when 
exposed to nanosecond 532 nm pulses, is due mostly to ESA, not pure two-photon absorption. 
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3. Formation of One-Dimensional Capped ZnO 
Nanoparticle Assemblies at the Air/Water Interface 
3.1 Prelude: 
To apply the novel light properties of ZnO QDs to photonic applications, they will often need 
to be deposited on a surface, material or substrate. This involves organizing nanoparticles into 
monolayer assemblies on the required substrate. Several techniques for deposition of ZnO QDs onto 
substrates have been developed, including spin coating  [118], dip coating  [119] and electrophoretic 
deposition  [120]. Though useful for thicker films, these methods fail to produce ordered monolayer 
or multilayer films of ZnO QDs. Langmuir deposition allows for a precise number of layers to be 
deposited and control of the particle orientation and concentration within the monolayer. 
For optical linear and nonlinear measurements, Langmuir deposited films are advantageous 
test materials since we can modify the thickness of the films precisely and make them as optically 
dense as required. Furthermore Langmuir films are typically quite homogenous over large areas so 
large uniform samples can be made, making characterisation much easier. 
In this paper, ZnO QDs are synthesised and subsequently capped with dodecanethiol (DDT). 
The nanoparticles formed larger one-dimensional (1D) aggregates when the synthesised nanoparticles 
were concentrated down under rotary evaporation. A Langmuir-Blodgett trough was used to 
investigate the 1D aggregates assembly at the air-water interface and their subsequent deposition 
onto solid substrates. 
 
Figure 25: Langmuir film paper experiment diagram. Rod micelles are created when the concentration is 
increased through evaporation of the solvent. The rod micelle solution is spread at the air-water interface where the 
interfacial forces are used to organise the rods parallel to each other. An upward LS deposition onto TEM grids is then 
performed.  
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4. Accurate Measurement of the Molecular Thickness 
of Thin Organic Shells on Small Inorganic Cores 
Using Dynamic Light Scattering 
4.1 Prelude: 
Before making Langmuir films from the new ZnO-DDT QD powders, dispersed nanoparticles 
were tested for changes in their hydrodynamic size over time using Dynamic Light Scattering (DLS). 
The stability of dispersed nanoparticles from powder form is important since agglomerates can have 
a significant impact on the properties of films and colloids. For film thickness control, the new 
agglomerate size will dictate the thickness of deposited films. The optical properties of colloids will 
also be affected; scattering will increase and energy transfer between nanoparticles may occur due to 
the close proximity of nanoparticles in agglomerates [121]. The amount and rate of energy transfer 
will be strongly affected by the distance between nanoparticles [122] (i.e. twice the thickness of the 
shells). 
DLS is a technique used to find the hydrodynamic size of nanoparticles undergoing Brownian 
motion. It is often employed to determine the thickness of organic shells by subtracting the core size 
(found by a separate measurement) from the hydrodynamic size. However, despite its use, a 
comprehensive analysis of using the DLS technique, and its validity, for measuring core-shell 
nanoparticles had not been undertaken previously. 
The following paper develops a method for the accurate measurement of the hydrodynamic 
thickness of organic shells on small inorganic nanoparticles using DLS. ZnO-DDT QD samples and Au-
DDT NPs were used as case studies. It was demonstrated that the hydrodynamic shell thickness could 
be measured by modifying the DLS particle size distribution conversion formula by a simple correction 
factor. The DDT capping thickness on ZnO QDs and Au NPs was found to be approximately 7Å, 
indicating the shell has a compact disordered configuration. These results could provide insight into 
nanostructure morphology such as the packing structure in Langmuir-Blodgett films and aggregate 
formation in solution. This is important for optical applications as nanostructure morphology can 
strongly affect both the linear and nonlinear optical properties of materials. 
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TEM ANALYSIS 
To determine the best estimate of actual particle size with TEM, we treat the particle as a 
spheroid and determine the effective hydrodynamic radius of the spheroid. For particles that 
are prolate or oblate spheroids, a simple analytical relationship exists between the 
hydrodynamic radius R and the three spheroid radii	1: 
  	
	 	⁄
		 	⁄ 
        
  	
	 	⁄
		 	⁄ 
        
We determined the error in the calculated hydrodynamic radius, R, under four different 
measurement strategies; (i) 		,(ii)	, (iii) the average of 	 and	, and (iv) the area 
equivalent circle radius. These results are shown in Figure S1(a). We approximate orientation 
effects of the nanoparticle on the carbon grid into account by assuming the	 radius can only 
be measured in two of three orientations in Figure S1(b). These results show that measuring 
either the longest or shortest axis in TEM images is inappropriate for comparison to the 
hydrodynamic radius. Measuring the average or the area equivalent circle consistently results 
in reduced error. However, since only a single measurement is required to determine the area 
and the entire nanoparticle cross-section is utilized, while determining the longest and 
shortest axes requires two measurements and substantially more guesswork, we suggest that 
measuring the area yields a better comparison between TEM images and DLS measurements. 
We note that here we have not considered the effect of the capping layer into the calculations. 
This should not be a problem since the capping layer will simply reduce any prolate or oblate 
core into a more spherical hydrodynamic sphere and thus will only further reduce the error 
shown here. 
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Figure S1. Magnitude of the relative error in measuring the core DLS equivalent size using 
TEM as a function of the ratio of the axis. In (a) both the major and minor axes can be 
calculated from TEM images for every particle where as for (b) we take nanoparticle 
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orientation effects into account approximately. The errors for using		(i),	(ii), the average 
of 	 and	(iii), and the area equivalent circle radius (iv) are shown. 
THE ELECTROSTATIC APPROXIMATION FOR THE CORE MULTI- SHELL 
NANOPARTICLE 
To model nanoparticles consisting of m shells, the electrostatic approximation is used
2
. Since 
the particles are much smaller than the wavelength of the laser used (633 nm) we can assume 
the electric field of the laser light is effectively constant in the absence of the nanoparticle: 
  E !" 
The electric field in the core	#i  1&, any shell	#i  2. .m * 1&, or the solvent #i  m * 2& is 
given by the electric potential: 
+  ,-ϕ/ 
Using Gauss’ law we come to the PDE: 
0ϕ/  0 
This PDE has boundary conditions such that, at every interface: 
ϕ/  ϕ/2 
ε/ ∂ϕ/∂r  ε/2 ∂ϕ/2∂r  
Due to the symmetry of the problem, we can separate the PDE into two ODEs using: 
ϕ/  f/#r&	g/#θ& 
Solving the ODEs gives: 
f/#r&  C1/	r: * C2/	r
#2:& 
g/#θ&  C3/	P#n/, cos θ& *	C4/	Q#n/, cos θ& 
Here, n/	is an integer and P and Q are the Legendre functions of the first and second time 
respectively. The applied field must be unperturbed at large distances away from the 
nanoparticle: 
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limE→GϕH2  ,E r cos θ 
This results in: 
nH2  1, 				C4H2  0,					C1H2 	,E 	 
Using the continuity boundary condition, it’s easy to see that: 
n/  nH2  1, 				C4/  C4H2  0, 				C3/  C3H2  1	 
Finally, in order for the electric field to be finite everywhere: 
C2  0 
To simplify the problem, we will normalise all the coefficients by the applied	E , now the 
functions are simplified to: 
ϕ/  E #c1/	r * c2/	r
& cos θ 
c2  0 
c1H2 	,1 
The boundary equations are then simplified to: 
c1/	a/ * c2/	a/
 	 c1/2	a/ * c2/2	a/
 
ε/#c1/ , 2	c2/	a/
&  	 ε/2#c1/2 , 2	a/
& 
Where a/ is the outer radius of the ith region.  
One particularly important result is the field outside the particle	#i  m * 1&, which is the 
superposition of the applied field and an induced dipole moment: 
ϕH2  ,E r	cos θ * c2H2 cos θr E  
The polarizability of the nanoparticle is then simply given by: 
α  4π	c2H2 
And finally the scattering cross section is given by: 
CLMNE/O  kQ6π |α|  8π	k
Q
3 |c2H2| 
S6 
 
Thus, the only thing required is to solve for	c2H2. This can be done using the boundary 
conditions. This yields 2#m * 1&	equations and unknowns, which is solved numerically using 
MATLAB. 
For modelling the dielectric function of the organic shell, the capping molecules were 
modelled as cylinders with a packing fraction on the core nanoparticle surface, PF, and 
length, L. The remaining free space around the cylinders is filled by solvent medium. The 
shell layer dielectric function is then calculated as the volume weighted average of the 
organic molecules and the solvent. 
ε/  3aPFεVEO/M , εLVWXNLm#a/ , a/
& *	εLVWXN 
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5. Using pulse transit delay in Z-scan to discriminate 
between excited-state absorption and other 
nonlinear processes in ZnO nanocones 
5.1 Prelude: 
So far we have demonstrated monolayer deposition of nanoparticle films and stable colloids 
of ZnO QDs. However, for the aforementioned applications (Chapter 1) the nanoparticles must display 
multiphoton absorption. Consequently the next step of the project was to investigate the nonlinear 
properties of ZnO nanoparticles for photon energy up conversion applications. 
Nonlinear optical processes have many practical applications, including cancer imaging and 
treatment, optical limiting devices and photonic devices. Here we investigated the multiphoton 
absorption properties of ZnO nanoparticles and QDs using the single beam Z-scan technique. Many 
different samples were measured with the aim of identifying the nature of any multiphoton 
absorption and more specifically if it was two-photon absorption (2PA). ZnO-DDT QDs were tested in 
colloid and thin film form, however no 2PA was found below the damage threshold of the films or 
cuvette. Since 2PA has been shown to increase with size, ZnO nanocones of ~ 100 nm in diameter 
were investigated. Langmuir-Blodgett films of nanocones were investigated initially but as with the 
ZnO-DDT QDs, optical damage occurred before any nonlinear absorption was observed. Dispersions 
of the ZnO nanocones in ethanol however, did show nonlinear absorption below the damage 
threshold of the cuvette and nanoparticles. 
Initially, these results were puzzling, as it seemed that there was some laser input intensity 
threshold below which no nonlinear absorption was observed while above the threshold the 
absorption increased rapidly with intensity. This is indicative of excited state absorption rather than 
pure 2PA. To verify this, a new measurement technique (pulse delay analysis) was developed to 
discriminate between excited-state absorption and other nonlinear processes. This method allows 
easier identification of ESA compared with existing techniques utilizing single beam Z-scan apparatus. 
For the ZnO nanocones exposed to nanosecond 532 nm pulses, the primary nonlinear absorption 
process was identified as 2PA induced ESA. Isolation of the principal nonlinear absorption mechanism 
using this new technique could help guide materials fabrication in nonlinear optical applications.  
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Abstract: We report a new approach that uses the single beam Z-scan 
technique, to discriminate between excited state absorption (ESA) and two 
and three photon nonlinear absorption. By measuring the apparent delay or 
advance of the pulse in reaching the detector, the nonlinear absorption can 
be unambiguously identified as either instantaneous or transient. The simple 
method does not require a large range of input fluences or sophisticated 
pulse-probe experimental apparatus. The technique is easily extended to any 
absorption process dependent on pulse width and to nonlinear refraction 
measurements. We demonstrate in particular, that the large nonlinear 
absorption in ZnO nanocones when exposed to nanosecond 532 nm pulses, 
is due mostly to ESA, not pure two-photon absorption. 
©2014 Optical Society of America 
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1. Introduction 
Nonlinear optical effects in nanomaterials have gained much interest in recent years due to the 
numerous potential applications in biomedical imaging [1] and as compact light emitters in 
photonic devices [2,3]. Unlike linear optical processes, the nonlinear response of a medium 
allows the incident light frequency to be upconverted through harmonic generation and many 
other processes, making it possible to fabricate UV emitters that are pumped by visible light. 
In order to optimize the performance of these devices, characterization of the medium's 
nonlinear response is essential. The single beam Z-scan technique, developed by Sheik-Bahae 
et al. [4], has become a standard method used for quantifying the nonlinear absorption 
properties of a medium. However, by simply measuring variations in light transmission 
through a sample, it is difficult to determine which of the numerous multi-photon nonlinear 
processes is responsible. Evidence for this is the variation observed between Z-scan 
measurements performed with pulse durations at the femtosecond to those at the nanosecond 
[5], which occurs because the longer pulses can excite additional transient nonlinear 
absorption processes. To overcome this, extensions to the original Z-scan technique are 
required to differentiate between instantaneous and transient nonlinearities. For 
semiconductor materials, when femtosecond laser pulses with photon energies less than the 
materials band-gap are used, only the instantaneous nonlinearities such as ground state two- 
and three-photon absorption (2PA and 3PA respectively) are responsible for the nonlinear 
absorption [5]. However, for longer pulse durations, excited state nonlinearities such as 2PA 
induced excited state absorption (ESA) can also take place. While complicated pump-probe 
techniques [6] can be used, Gu et al. [7] developed a single beam method that involved 
performing Z-scans at various fluences. However, this technique cannot differentiate between 
ground state 3PA and ESA, as both are three photon processes, and has limited application in 
many materials because of nonlinear absorption induced optical damage which limits the 
possible range of laser pulse input fluences. 
ZnO has received significant interest in nonlinear applications due to its intrinsically high 
2PA as a bulk medium, which becomes many orders of magnitude higher in its nanoparticle 
form [8]. However, often it is simply assumed that the 2PA is the dominant nonlinear 
absorption mechanism regardless of the experimental parameters used such as pulse duration, 
etc. Observations of an intensity dependent 2PA coefficient in ZnO [8] provides further 
evidence that unaccounted for higher order nonlinearities are also present. Understanding the 
nature and identifying the underlying mechanism for the observed enhanced nonlinear 
absorption is vital for the design and optimization of nonlinear devices. For example, ESA is 
not desirable in UV light emitters that are pumped by visible or infrared radiation, since this 
process does not generate additional UV light. Similarly, too much ESA in optical limiting 
applications can cause optical damage of the nanomaterial from overheating [9]. 
In this paper we demonstrate that it is possible to use nanosecond pulsed laser excitation to 
separate instantaneous and transient nonlinearities in ZnO. We show how variations in the 
pulse transit time to the detector can be used in the single beam Z-scan arrangement to 
measure the nonlinear response of ZnO nanocones and to identify the dominant nonlinear 
absorption mechanism. 
2. Theory 
In the thin sample approximation, the intensity ( I ) change over a propagation length ( z′ ) 
within a sample with linear ( 0α ), 2PA ( 2α ), and 3PA ( 3α ) absorption coefficients is given 
by [4]: 
 ( )20 2 3I I I Iz α α α
∂
= − + +
′∂
 (1) 
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If the 3PA process is not instantaneous, but is due to 2PA induced ESA, then 3α  is given by 
[7]: 
 ( ) ( )23 2
e
ESAG t G th
φσ α
α α
ν
= =  (2) 
where eσ is the excited state absorption cross-section, φ  is the efficiency of conversion from 
the 2PA induced excited state to the excited state involved in ESA, ν is the laser frequency 
and ESAα  is the ESA co-efficient. The function G depends on the laser pulse shape and 
duration, and on the mechanism of the ESA. The simplest description of 2PA induced ESA is 
a three level system; where 2hν is required to excite the sample to the first excited state and 
only hν  is needed to excite the sample to the second excited state. If the lifetime of the first 
excited state (τ ) is much longer than the laser pulse width then G becomes independent of 
τ and is given by [7]: 
 ( ) ( ) ( )
2
2
1 t
t
t
G t I t dt
I t
−∞
′ ′=   (3) 
where tI is the temporal distribution function of the input pulse intensity. As a result of the 
time dependence of G, more of the trailing portion of the pulse is absorbed than the leading 
portion. This is demonstrated in Fig. 1(a) where we combine Eqs. (1)–(3) and solve for the 
specific cases of 2PA, 3PA and ESA. Each curve in Fig. 1(a) shows the theoretically 
predicted transmitted pulse when a Gaussian shaped temporal pulse is incident on a sample 
that possesses 20% nonlinear absorption. An instantaneous nonlinearity such as pure 2PA or 
3PA flattens the temporal Gaussian beam without affecting symmetry. Conversely, in ESA 
more of the tail of the pulse is absorbed since the leading edge of the pulse excites the 
medium into an excited state. As a result, the asymmetry in the output pulse makes it appear 
to be shifted forward in time. Traditionally, the appearance of pulse distortion has been used 
to determine the presence of ESA [10]. However, if the input pulse shape is not ideal, as 
shown in Fig. 1(b) for a forward skewed pulse; the resultant pulse deformation can be even 
more complicated making it difficult to clearly identify ESA from the temporal pulse shape 
itself. Quantification would then require complicated pump-probe experiments [6]. However, 
the pulse deformation caused by transient nonlinear absorption also results in a variation in 
the transit time from pulse emission to arrival at the detector. Therefore, pulses transmitted 
through ESA dominated nonlinear absorbing media will arrive earlier at the detector than 
pulses transmitted through 2PA or 3PA media. This means that a simple metric such as the 
normalized pulse delay defined in Eq. (4), which determines the temporal shift in the pulse 
peak, can be used to identify the dominant nonlinear absorption mechanism. 
 
( )
( )
e
e
t I t dt
t
I t dt
δ
⋅
=

  (4) 
Here eI  is the transmitted intensity. The pulse delay as a function of transmission through the 
three different nonlinear absorbing media for the Gaussian (Fig. 1(a)) and forward skewed 
(Fig. 1(b)) input pulses are given in Figs. 1(c) and 1(d) respectively. It is clear that the 2PA 
and 3PA instantaneous nonlinearities result in either no variation, or a positive delay time for 
the Gaussian and forward skewed input pulses. However, the 2PA induced ESA results in a 
negative pulse delay time (i.e. apparent pulse advancement). The pulses emitted by the laser 
used in our experiments are forward skewed so we expect some positive pulse delay if 2PA or 
3PA is dominant or some pulse advancement if ESA is dominant. 
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 Fig. 1. Pulse deformation under 2PA, 3PA, and 2PA induced ESA keeping the nonlinear 
absorption at a constant 20%. (a) and (b) show the input and output pulses for a Gaussian and 
skew-normal temporal distributions respectively. (c) and (d) give the change in pulse delay as a 
function of transmission for Gaussian and skew-normal temporal distributions respectively. σ 
is the standard deviation of the input pulse. 
3. Experiments 
We demonstrate this method by investigating the nonlinear absorption of ZnO nanocones 
dispersed in ethanol using the single beam Z-scan technique [4] as shown in Fig. 2. The Z-
scan experiments were performed using a Brilliant EaZy Q-Switched Nd:YAG laser at 
wavelength of 532 nm. The temporal profile of the laser pulse from the laser was forward 
skewed with a FWHM ~5 ns. The spatial profile was not an ideal Gaussian so the Z-scan was 
performed using a top hat beam tightly focused to a 35 µm airy spot. The aperture after the 
sample was used to obtain reference closed aperture Z-scans of toluene to find the Rayleigh 
range ( 0 7.1z mm= ) of the focused beam. This aperture is removed for non-linear absorption 
measurements (i.e. open aperture measurements). The temporal distributions of the incident 
and the transmitted pulses in the Z-scans were measured using a fast silicon detector 
connected to a high bandwidth digital oscilloscope. 
 
Fig. 2. Experimental set-up for Z-scan measurements. 
The ZnO nanocones sample consisted of ~100 nm nanoparticles synthesized as described 
elsewhere [11]. Powders of ZnO nanocones were dispersed in ethanol with the aid of 
ultrasonic agitation and transferred to quartz cuvettes (2 mm pathlength) for absorption 
measurements. The pathlength of the sample was chosen to be less than the Rayleigh range of 
the Z-scan set-up so that the thin sample approximation (Eq. (1)) could be implemented. The 
optical extinction spectra of a 0.1 mg/ml sample and a representative SEM image is shown in 
Figs. 3(a) and 3(b) respectively. Since ZnO is a wide band gap material ( 3.3gE eV ) the 
extinction in the visible and infrared can be attributed to scattering, while the extinction in the 
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UV has contributions from both absorption and scattering. Since the laser photon energy is 
less than the bandgap ( 0.7 gh Eν  ), there is negligible linear absorption of the incident light 
in the Z-scan measurements and therefore, any excited state absorption is induced by 2PA. 
Open aperture Z-scans of 0.1 and 0.2 mg/ml samples were performed at three different pulse 
fluences ( 94, 83, and 62 JE μ= ). The laser fluence range was limited at lower fluences by 
noise and at higher fluences by optical damage of the samples. 
 
Fig. 3. Optical extinction spectrum (at a concentration of 0.1 mg/ml) and SEM image of ZnO 
nanocones. 
4. Experimental results 
Typical normalized transmission Z-scan traces of a 0.2 mg/ml ZnO nanocones sample at 1.32 
and 0.87 GW/cm2 are given in Figs. 4(a) and 4(b) respectively. The least squares single 
parameter fits to 2PA and 3PA are also shown. Since the Z-scan measurements themselves do 
not reveal temporal information, it is not possible to differentiate between the two different 
three photon processes of instantaneous 3PA and transient ESA. Furthermore, Fig. 4 
demonstrates that it is difficult to determine consistently and unambiguously whether two or 
three photon absorption is the dominant process with Fig. 4(a) suggesting it is 3PA, while Fig. 
4(b) inferring it is 2PA. 
 
Fig. 4. Z-scan traces and single parameter least square fits of a 0.2 mg/ml ZnO nanocones 
sample at (a) 1.32 and (b) 0.87 GW/cm2. 
The single parameter fits for 2PA and ESA normalized by the sample concentration are 
given in Fig. 5 with different input maximum intensities, I0. The results show that the fitted 
2α  is of the same order of magnitude as bulk ZnO (4.2 cm/GW) [12] despite the low volume 
fraction of the nanoparticles in the solvent (~10−5). This is in good agreement with other 
published data on nano sized ZnO [13]. However, the fitted values are monotonically 
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increasing with pulse intensity indicating the nonlinear absorption is not solely 2PA, 
consistent with the Z-scan traces. There is less variation in the fitted values of ESAα  but it is 
difficult to discern a clear trend. Typically, the relative contributions of 2PA and ESA would 
be determined by fitting trend lines to plots like those shown in Fig. 5. However, due to the 
large uncertainties inherent in nonlinear measurements of this type and the small range of 
intensity inputs available due to noise and optical damage concerns, this was not possible for 
our sample. This highlights the problem in using transmission data alone to determine the 
cause of nonlinear absorption in a sample. 
 
Fig. 5. Fitted values of (a) 2α , and (b) ESAα , normalized by the ZnO concentration. The error 
bars give the 95% confidence intervals. 
However, measuring the pulse delay at each of the Z-scan locations readily highlights the 
difference between instantaneous and non-instantaneous nonlinearities as shown in Fig. 6. 
Here, the single parameter fit values from Fig. 4 are used to calculate the theoretical pulse 
delays which are shown along with the measured pulse delay time in reaching the detector. 
Clearly, there is a strong correlation between the ESA fit and the experimental results 
indicating the majority of the nonlinear absorption is due to ESA. 
 
Fig. 6. Experimental pulse delay measurements for the Z-scans of 0.2 mg/ml ZnO nanocones 
sample at (a) 1.32 and (b) 0.87 GW/cm2. The lines are the results of the single parameter least 
square fits from the Z-scan traces in Fig. 3. 
Figure 6 demonstrates that ESA is the dominant nonlinear absorption mechanism for those 
specific experimental conditions in ZnO. Figure 7 shows the pulse delay as a function of 
transmission for all six Z-scan sets of measured data. Thus, for all three fluences at both 
concentrations and at all sample locations that were used, the agreement with the theoretically 
predicted pulse delay due to ESA is significantly better than that for the two instantaneous 
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processes, 2PA and 3PA. This suggests that for ZnO nanocones that ESA is the dominant 
nonlinearity when exposed to nanosecond duration 532 nm pulses. 
This modified Z-scan analysis could be applied to investigate other multi-photon excited 
state absorption and will only be limited by the lifetimes of the excited states. If the excited 
state lifetime is much shorter than the pulse duration, the delay time would approach zero. If 
the excited state lifetime and the pulse duration are approximately the same, then the ESA 
could still be significant but the pulse delay would be reduced and ESA underestimated. 
 
Fig. 7. Collation of all 6 Z-scan experiments is given. The theoretical curves for pure 2PA, 
3PA and ESA are shown as solid lines. 
5. Conclusion 
Identification of 2PA induced ESA in ZnO nanocones using the pulse delay analysis in the 
single beam Z-scan technique has been demonstrated. Non-linear absorption in ZnO 
nanocones exposed to nanosecond duration 532 nm pulses has been identified as resulting 
predominantly from ESA. This simple method allows easier identification of ESA compared 
to existing techniques utilizing single beam Z-scan apparatus. By isolating the principal 
nonlinear absorption mechanism, this new technique could help guide materials fabrication in 
nonlinear optical applications. Future work will be devoted to developing simpler empirical 
relations between pulse delay and transmission measurements for different excited state 
absorption and refraction nonlinearities. Input pulses with a Gaussian spatial beam profile 
would simplify this approach. 
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5.3 Addendum: 
This addendum contains additional information on the experimental setup for the Z-scan paper. 
5.3.1 Experimental apparatus 
The experimental setup for the Z-scan measurements is shown in Figure 29. A Brilliant EaZy 
Q-Switched Nd:YAG pulsed laser operating at a wavelength of 1064 nm was used. This was coupled 
directly into a SHG module which emits a portion of the fundamental at 1064 nm and the second 
harmonic at 532 nm. A 1064 nm mirror was used to filter out the 1064 nm light to a beam dump. A 
glass slide was then used as a beam splitter to allow a reference pulse energy measurement. This has 
two purposes, first to act as a trigger for the digital oscilloscope to capture the final transmitted pulses 
but also to monitor the power levels to partially compensate for power fluctuations. Since the peak 
power directly from the laser was quite high (  50peakP MW ), the majority of the power was 
attenuated (95%) by using a glass prism as a mirror to avoid 'burning' the sample. The pulses 
transmitted through the front face of the prism were directed onto beam dumps. Since most of the 
energy (and hence the danger) from the laser was attenuated on the glass prism side of the 
experiment, an extensive beam blocker system was used to block any scattered light from reaching 
the user. An additional beam blocker system was also placed around in the modified top-hat beam 
profile arrangement. 
Since the laser’s spatial intensity distribution was not strictly that of an ideal TEM00 ideal 
Gaussian mode, a well-defined top-hat beam profile was used. This was achieved by using a Galilean 
beam expander setup followed by an aperture. The beam is strongly defocussed with a biconcave lens 
(f1) and then re-collimated using a weak biconvex lens (f2). The use of a concave lens in f1 as opposed 
to a convex lens not only saves space, but is also much safer since focussing pulsed lasers tightly can 
cause the air to arc. The circular aperture following beam expansion (A1) is used to select only a very 
small flat cross-section of the centre of the beam to create the top-hat beam profile. 
The neutral density (ND) filters were used to fine tune the input energy of the input pulses. 
The first ND filter had an optical density of 0.8 and was used to switch between nonlinear 
measurements and reference linear measurements during a Z-scan experiment. The second ND filter 
was used to modify the pulse energy between different Z-scans. A small (S=0.09) aperture (A2) was 
used placed in the centre of the transmitted beam about 500 mm from the focus for closed aperture 
Z-scans. 
84 
 
 Figure 29: Experimental apparatus setup for Z-scan measurements. 
5.3.2 Spatial and Temporal Intensity Profile 
A 300 mm focal lens (f3) was used to focus the top-hat beam to an Airy spot of ω µ≈0 35 m  
determined from reference closed aperture Z-scans of toluene (see next section). Since this 
corresponds to a Rayleigh range ( πω λ= 20 0z ) of 7.1 mm, cuvettes with a 2 mm pathlength were 
used in Z-scans in order to validate the thin sample approximation (Equation(39)). 
The top-hat beam is defined by [123] 
 ( ) ( )
π λπ ω
π ω λ
= ⊗
2 2
1 0
0
2
,
i r z
s
J r eI r z A
r z
  (53) 
Here sI  is the spatial intensity distribution, r is the distance from the beam axis, z is the 
distance from the focal point, A is a normalization constant, 1J  is the first order Bessel function and 
⊗ is the convolution operator. To demonstrate Equation (53) visually, Figure 30 is a false colour 
surface plot of the focused top-hat beam for an Airy spot ofω µ≈0 35 m . The most important feature 
to notice is that the top-hat beam changes shape during focusing to an Airy spot. This makes fitting Z-
scan traces a little more difficult since there are no analytical solutions to Equation(39) for a top-hat 
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beam. We therefore used generated spatial beam profile distribution from Equation (53) in 
calculations rather than an analytical function and solved numerically. 
The focused top-hat beam peak intensity as a function of z position is also plotted in Figure 
31. Since the intensity is only changing significantly within about 02z either side of the focus, we 
restricted our experiments to within this approximate range of z-values. This is important since it was 
found that performing Z-scans over long time intervals (over 20 minutes) caused heating and/or 
optically induced damage that led to undesirable drifts in the linear transmittance of the sample. 
 
Figure 30: Intensity surface plot. Horizontal axis is the x-y plane (or radius) and vertical axis is the propagation 
distance from the focus normalized by the Rayleigh range. Highest to lowest intensity goes from dark red to dark blue. 
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 Figure 31: Maximum intensity as a function of propagation distance from the focus normalized by the Rayleigh 
range. 
The temporal profile of the laser pulse was forward skewed with a full width half maximal 
(FWHM) of approximately 4 ns and is shown in Figure 32. Since the temporal pulse shape did not fit 
well to any known function, we again resorted to numerical approaches by using the actual 
experimental data for tI . As a result the combined input intensity as: 
 ( ) ( ) ( )=, , ,in s tI r z t EI r z I t   (54) 
where E is the input energy of the pulse. sI  and tI  are normalized such that: 
 ( ) π =∫ , 2 1sI r z r dr   (55) 
 ( ) =∫ 1tI t dt   (56) 
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 Figure 32: Intensity as a function of time. 
5.3.3 Z-scans of solvents 
To measure 0z , closed aperture Z-scans of a toluene reference (Figure 33) was performed. 
Since toluene is known to have a strong positive 2n and negligible absorption at 532 nm, the distance 
between the peak and valley ( −∆ p vz  ) is proportional to 0z . For the top-hat beam [123]: 
 −∆ = 01.4p vz z   (57) 
Since the ZnO nanocones are dispersed in ethanol, a baseline measurement on ethanol was 
performed to make sure it exhibited negligible nonlinear absorption (Figure 34). The open aperture 
measurement found no absorption for the 532 nm pulses at the highest pulse energy used. For 
completeness, closed aperture measurements were also performed and a weak positive 2n was found. 
Although a strong positive 2n was found for the ZnO nanocones sample, no in depth analysis was 
performed since the presence of the weak ethanol 2n combined with the strong nonlinear ZnO 
absorption made interpretation of the closed aperture scans too difficult in this case. 
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 Figure 33: Closed aperture Z-scan traces of reference solvent toluene with different pulse energies. 
 
Figure 34: Open and closed aperture Z-scan traces of ethanol with I0 = 1.32 GW/cm2 
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6. Summary and outlook 
ZnO nanoparticles (NPs) and quantum dots (QDs) have a promising future in a variety of 
optical applications, including photodynamic therapy (PDT), UV nanolasers and optical limiting. 
However, there are still many challenges to overcome before ZnO NPs and QDs are applied in these 
fields. This includes a better understanding of the hydrodynamic properties of ZnO NPs, their assembly 
into useful photonic structures, and their multiphoton absorption coefficients for excitation of ZnO 
NPs with visible or infrared light rather than ultraviolet (UV) light. This thesis explores these issues 
with an emphasis on ZnO QDs. In particular, the hydrodynamic and optical nonlinear properties of ZnO 
colloids and Langmuir-Blodgett films were investigated. 
The fabrication was focused around ZnO QDs capped with dodecanethiol (DDT). When the 
ZnO-DDT QDs were concentrated by rotary evaporation in a polar solvent, they self-assembled 
spontaneously into one-dimensional structures as evidenced by TEM. These structures could be 
further ordered into parallel secondary structures by maintaining a moderate surface pressure on the 
monolayer films in a Langmuir-Blodgett trough. The Langmuir-Schaefer method was used to transfer 
these films to a solid substrate for optical and TEM characterization. Optical absorption and 
photoluminescence spectroscopy showed that the crystal size had not changed after film fabrication. 
The TEM images confirmed this, demonstrating that the one-dimensional structures maintained their 
structural integrity following evaporation of the solvent at room temperature and pressure at the air-
water interface. 
Although the one-dimensional assemblies were interesting, up scaling the production and 
modifying the particle size was difficult. For example, 1000 ml of solvent was required to produce less 
than 5 ml of final QD solution. We also found the final product could not be dried and redispersed to 
its original form. This made it too difficult to obtain repeatable measurements in optical linear and 
nonlinear experiments. QDs that could be dried to a powder and redispersed when required, and in 
larger quantities, were sought. This was achieved by modifying the ZnO synthesis procedure and 
subsequent washing procedures. The new procedure allowed the fabrication of ZnO-DDT QDs with 
ZnO core diameters from 2-5 nm. The ZnO-DDT QDs were dispersible from powder form in chloroform. 
The hydrodynamic properties of the new stable QDs were investigated using DLS by applying a new 
distribution weighting procedure developed for core-shell NPs. 
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This new procedure is capable of accurately measuring the capping thickness of small 
inorganic−organic core−shell NPs if the appropriate scattering cross-section is used and the core size 
is known. We have presented a simple correction formula to be used for extracting corrected particle 
size distributions from standard DLS software. This technique can be used to find the capping thickness 
for different ligands, or if capping thickness is known, this technique can be used to find the correct 
particle size distributions using DLS alone. For the size range studied, we found that that the effective 
capping thickness of DDT on Au and ZnO cores is 7.3 ± 0.3 Å, much less than the extended chain length 
of 16 Å. This is likely a result of the large excess cone volume available, resulting in a compact 
disordered shell structure. Investigating capping thickness on larger nanocrystal cores using DLS could 
be an interesting direction for future work. In the large core radius limit, it is expected that the 
monolayer structure should resemble that of the 2D self-assembled monolayers with a highly ordered 
geometry. 
The DLS advanced analysis method presented is not limited to the ZnO-DDT QDs and Au-DDT 
nanoparticles investigated here. The correction formula derived is limited to a homogeneous core, 
additionally; the refractive index contrast between the core and the solvent must be large compared 
to the shell and the solvent. If the shell is organic, then quite often this condition is easily satisfied. 
Low refractive index inorganic materials such as SiO2 could also satisfy this condition when they form 
the capping layer. However, when they constitute the core material more analysis may be required 
before using the correction formula. Uncapped nanoparticles are a perfect example of when the 
derived correction formula will work well. In this case the solvation layer of solvent molecules would 
encompass the hydrodynamic shell thickness. Since there is no refractive index contrast between the 
shell and the solvent there should be zero error for using the correction formula derived here. 
Although the specific correction formula derived in this thesis has the above limitations, there 
is no reason why the general method used to derive the correction formula cannot be extended for 
nanoparticles outside these limitations. This extension is particularly essential since DLS is the only 
well-developed technique that can measure the hydrodynamic size of small NPs. The key to obtaining 
accurate hydrodynamic diameters using DLS is to implement independent measurements, such as 
TEM, as a fixed parameter in DLS analysis. 
The two-photon absorption (2PA) properties of the stable ZnO-DDT QDs and their respective 
Langmuir-Schaefer films were investigated using the Z-scan technique. Unfortunately, 2PA was not 
observed below the damage threshold of the films or colloids, so larger ( 100 nm ) ZnO nanocones 
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were investigated. The nanocones showed a 2PA coefficient in solution similar to bulk ZnO despite the 
very small volume fraction of the NPs in the solvent ( − 510 ). However, the 2PA coefficient increased 
with increasing laser pulse fluence, suggesting that higher nonlinear absorption mechanisms were 
occurring. Unfortunately, due to the low damage threshold of the nanocones, existing methods to 
determine if there are higher order nonlinear terms could not be used, so a new analysis technique 
was developed to distinguish transient from instantaneous optical nonlinearities. 
This new pulse delay analysis in the single beam Z-scan technique has identified 2PA induced 
excited state absorption (ESA) as the primary nonlinear absorption mechanism in ZnO nanocones 
exposed to 532 nm pulses. This method allows easier identification of ESA compared with existing 
techniques utilizing single beam Z-scan apparatus. By isolating the principal nonlinear absorption 
mechanism, this new technique could help guide materials fabrication in nonlinear optical 
applications. 
The pulse delay method could be extended for other excited state processes. Saturable 
absorption is a particularly common nonlinear phenomenon where the one-photon (or multiphoton) 
absorption can saturate due to a depleted ground state. In this case there would be a positive pulse 
delay measured. Closed Z-scan experiments could also benefit from the pulse delay method, in 
particular, excited state refraction. 
Although the pulse delay method is easy to use, the lack of a mathematical relation between 
pulse delay and transmission means numerical modelling is required to interpret the results properly. 
An empirical relation between pulse delay and transmission measurements for different transient 
absorption and refraction nonlinearities would be highly desirable. Input pulses with a Gaussian spatial 
beam profile would greatly simplify this approach. 
Throughout this thesis it has been demonstrated that ZnO clearly has some remarkable 
features that are enticing for future applications. This is particularly true for photodynamic therapy. 
Future work on ZnO should focus on three areas: 
 The hydrodynamic properties of ZnO NPs in different solvents should be more widely 
investigated. A particularly important example is transport through human tissue to see if 
ZnO NPs can be targeted to tumours and subsequently cleared from the body. 
 Research into how modifying the defects, size, shape and coating of ZnO NPs affects the 
energy transfer to nearby molecules, in particular, dissolved molecular oxygen. This has 
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clear implications for efficient generation of singlet oxygen for killing cancer cells but also 
more broadly for UV nanolasers and white LEDs. 
 The nonlinear properties of ZnO NPs should be more thoroughly investigated than they 
currently are. The magnitude of different nonlinear mechanisms needs to be clarified 
along with better characterization of the defects, size, shape and coating of ZnO NPs in 
order to understand why different samples have such wildly different nonlinear 
properties. This may lead to efficient excitation of ZnO NPs via multiphoton absorption in 
the transmission window of biological tissue. 
The results of these key research areas will determine if ZnO NPs excited by multiphoton 
absorption can be used for highly targeted treatment of deep tumours in photodynamic therapy to 
replace the existing invasive treatments and more generally in UV photonic devices. The research 
presented in this thesis has contributed to these fields and it is anticipated that the methods derived 
could be easily built upon for more broader applications. 
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